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1. Overview of current and future assessments of climate change in the

Arabian Peninsula

1.1. Features of the climatic conditions of Yemen and neighboring regions.

The Arabian Peninsula is located in the south-west Asia, occupies an area of about 3.1 millions
square kilometers and is the largest Peninsula on the planet. On the west, it is bordered by the
Red Sea, the Gulf of Aden in the south and the Arabian Sea in the east - the Gulf of Oman and
the Indian Ocean. The Arabian Peninsula comprises of the following states: Bahrain, Yemen,

Qatar, Kuwait, United Arab Emirates (UAE), Oman and Saudi Arabia (SA).

The Arabian Peninsula is located between 12 © and 30 ° N and 35 © and 60 ° E. The region is
characterized by diverse natural conditions and various geophysical structures (Figure 1.1.1),
dominated by plains and plateaus in the west and the south-east Mountains (altitude up to
3600m). Most of the territory is occupied by deserts and semi-deserts (Rub 'al Khali, ad-Dahna
Desert, Nefud, Tihama et al.), which account for about 89% of the territory.

More than 50 million years ago, Arabian Peninsula was part of African continent. But after
rift zone along the Red Sea has been formed, the Peninsula began to move away from the coast
of Africa. Powerful geological force contributed to the formation of the new highlands formed
along the coast. Along the coast of the Red Sea mountain ranges reaches 3,000 meters in
northern Yemen and dominated by the Jabal an Nabi Shuyab (3766 m) - the highest mountain

in the Arabian Peninsula.

CAYAOBCKAA
APABUA

Figure 1.1.1. — Geographical and Political map of the Arabian Peninsula
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The climate of the Arabian Peninsula is one of the most unfavorable climate for human being
[1,2]: continental hot dry, subtropical in the north, and tropical in the south. Limited moisture,
extreme temperatures and high summer evaporation make this area the most unfit for human
life, animals and vegetation. The area is situated in the arid areas in the north where the climate
is temperate, with maximum precipitation in winter and tropical climate in the south. The
absolute maximum temperature in summer reaches 50 ° C in the desert, winter temperatures
range from 11 — 20 °C in the continental part of the peninsula, up to 19 — 28 ° C on the coast
of the Red Sea and from 11 — 17 °C along the coast of Persian Gulf. The absolute minimum
temperature recorded in Kuwait and Al-Khafji is -2 °C and -6 °C respectively. The climate of
southern and central parts of the region is tropical. The Red Sea coast climate belongs to the
hottest and humid places in the globe. The temperature over these areas ia at least 15 °C and
often exceed 45 °C. The climate over inland and continental areas is dry with average
temperature in June — 30 °C and -10 °C in January) [3]. In the desert of Rub 'al Khali destructive
hot wind blows sandstorm, raising the temperature to 50 "C and the relative humidity at the

same time close to zero.

Rainfall is extremely low: in the south - about 50 mm per year (sometimes there is no rain for
several years), about 100 mm annually in tropical areas. A little more rain in the south-west
and southeast of the peninsula - here on the slopes of the mountains, observed annual
precipitation of about 500 — 700 mm. Long-term drought and dust storms are common.
Throughout the year, the Arabian Peninsula is under the influence of the Azores subtropical
high pressure, whose influence extends to north as far as southern Syria [4, 5, 6]. As a
consequence, in the west of the peninsula and the Red Sea prevails winds of the northern and
north-westerly direction, that in winter only change to eastern winds carrying air from Central
Asia. These conditions of air masses circulation do not favor precipitation formation [7]. Only
in the far north planned transition to a brief period of winter rains associated with the passage
of the polar front, and during summer, the extreme south-west rainfall brought by the monsoon
winds. The main summer monsoon moisture loses, passing over Ethiopia [8]. During summer
on the south coast of the Arabian Peninsula observed transport of air masses from the west
(summer monsoon) [9, 10]. In some areas, for several years in a row have observed no rainfall
at all or sometimes showers have been observed which results on few tens millimeters of
moisture [11]. Almost everywhere, these random rains fall on the winter season. Over the
mountains regions, of the internal parts of the Arabian Peninsula little rain have been observed,

these areas are desert [12].

Agro Biodiversity and Climate Change Adaptation Project Page 9
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1.2.

A brief overview of the results of modern research of climate change on
the Earth, Arabian Peninsula and Yemen.

According to the degree of importance, factors of climate change include the following:

a)

b)

d)

Change in the concentration of greenhouse gases in the atmosphere. Greenhouse gases
(Carbon dioxide, water vapor, methane, and others) are responsible for absolving infrared
radiation from the Earth's surface and prevent it from scattering in the space. During the
XX century, the concentration of carbon dioxide in the atmosphere has increased by a
quarter. While there is no proof of exactly whether the increase is caused by human
activities or is caused by natural processes, the number of arguments in favor of the first
version is large compared to the second version. Particularly, in the late 2007 Nobel Peace
Prize was awarded to the Intergovernmental Panel on Climate Change (IPCC), for their

research on the influence of anthropogenic gases in the global warming.

Changing of landscapes. The nature of the land surface and vegetation on it depends on
the number of scattered (reflected) of radiation and, ultimately, the Earth's Albedo.

Landscape has significant impact on the agriculture and urbanization.

Restructuring of ocean currents. Ocean currents play an important role in the redistribution
of heat from the tropical zones of the Earth to the temperate and polar regions.
Restructuring of the flow can cause changes in salinity and temperature of individual
sections of the oceans. Also global ocean circulation map is changing due to the

movements of the continent.

Changes in the luminosity of the sun. At this moment, the amount of energy coming from
the sun varies very slightly (about 0.1%). However, in the long run, these fluctuations can

have a significant impact on the climate and general circulations in general.

Strong explosions on the surface of the Earth. Asteroid, large volcanic eruptions, nuclear
explosions lead to the release of aerosols into the stratosphere, which absorbs the sun's
heat, not allowing it to the surface of the earth, and the dust in the troposphere increases
cloudiness, which reflects sunlight into space. These factors together can lead to the so-

called nuclear winter lasting from several months to decades.

Fluctuations of the Earth's axis. Tilt of Earth's axis relative to its plane is 23.5 ° and
experiencing fluctuations in the value of 1° for the hundreds of thousands of years. These

changes affect the temperature contrast between the high and low latitudes.

Agro Biodiversity and Climate Change Adaptation Project Page 10
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g)

h)

1))

k)

Variations of the orbit radius of the Earth. Under the influence of gravitational
perturbations of other planets, mean distance from the earth to the sun can vary at the scale
of the order of 100 million years. This affects the amount of the sun energy coming from

the sun to the earth.

Variation of the eccentricity of Earth's orbit. For the same reasons, the long-period
fluctuations in the Earth's orbit undergoes elongation, affects the temperature contrast
between the hemispheres. Currently, due to the reasons that, the elliptic orbit of the
distance from Earth to the Sun changes throughout the year by 3.4%, while the amount of
heat energy produced is 7%. Maximum is in January, minimum in July. In the Northern
Hemisphere, it reduces seasonal climatic variations, and increases seasonal variations in

the South.

The reversal of the earth's magnetic field. On average one out of four of a million years,
magnetic field of the Earth changes its pole (although the last time such reversal occurred
was 780,000 years ago). At the moment of polarity changes of the atmosphere, to a certain

extent is protected from the solar wind and cosmic rays.

Fluctuations in the intensity of cosmic rays. Cosmic rays ionize atoms in Earth's
atmosphere. lons are used as centers of condensation of water vapor and promote the
formation of clouds, which increases the Earth’s Albedo. Cosmic ray intensity changes

during the motion of the solar system in the Galaxy.

The movement of tectonic plates. Continental plates move at a rate of a few centimeters
per year. During the 100 million years old stay continents on the planet's surface is
radically changing. From time to time all the plates are combined into one huge
supercontinent (Pangaea, Gondwana et al.), the greater part of which is set sharply

continental climate, which leads to desertification.

All these factors contribute differently to climate change and have different time scales

fluctuations forming the full range of climate change on the inter-annual variability to cyclical

fluctuations in the tens, hundreds, thousands and millions of years, due to space and

geophysical factors [13, 14]. According to recent reports from the 5th IPCC report [15], the

main climate factors make the following contributions to its fluctuations, as shown in Figure

1.2.1, where the temperature anomalies (° C) are:

Agro Biodiversity and Climate Change Adaptation Project Page 11
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a) The observed global temperature over the period from 1890 to 2010 reanalysis data Hadley
Center [16] (black line) and it’s smoothing according to Lean [17, 18, 19] (red line),
Lockwood [20, 21, 22, 23] (pink line), Folland [24] (green line), Kaufmann [25, 26, 27]
(blue line);

1 a) T T T T T T T T T T T
—— HadCRUT3 observations

05k Folland i

— Kaufmann

— Lockwood

Obs. & reconstructons (*C)

ENSO (*C)

Volcanoes (*C)

Solar (C)

AMO and other ("C) Anthropogenic (*C)

—05 1 1 1 1 1 1 1 1 1 1 1
1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 1.2.1 - Anomalies fluctuations in global temperature and the main factors forming it

b) The index of the El Nifio - Southern Oscillation (ENSO);

¢) Volcanic activity;

Agro Biodiversity and Climate Change Adaptation Project Page 12
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d) Fluctuations in incoming solar radiation;

e) Human impacts;

f) Other factors, including inter-annual Atlantic Oscillation (Folland [24]), fluctuations in
17.5 years and semi-annual fluctuations, the Arctic Oscillation index (Lean [17],

Lockwood [20], Lean and Rind [19], Folland [24] Kaufmann [25], Imbers et al. [28]).

Analysis of components, cyclical components in the fluctuations in global temperature and
separate it from falling due to natural factors (El Nifo, volcanoes, incoming solar radiation),
and directed hanging - man-made [29, 30, 31, 32, 33]. Moreover, in recent years, as seen from
Figure 1.2, the global temperature has stabilized, due to the decrease in the incoming solar
radiation and ENSO index [34, 35, 36, 37, 38, 39, 40, 41, 42]. The division of the global air

temperature and its trends as trends on the natural and built components are shown in Figurel.3.

_ : . . " . . — Natural forcing
© 15 Natural forcing i » =
3z — CMIP3 ™ =
E 10 — CMIP5 | ] 0
g — observations -
® 05 i
2 00S ==
g 180 0W 0 90E 180
2 00
g 90N
T RO BT, e
1860 1880 1900 1920 1840 1960 1980 2000
Year o
— y— e ——— T v.v T TrTr—TrT 455
O 15[ Natural and Human forcing = B
s .
= — CMIP3 n 180 20w 0 90E . 180
g 10 —CMIP5 Natural and Human forcing
e — observations 90N S T g
® 45N 3
g 05
© 0
Pt
g 0.0 -
o
f_ _05 . . . . . . . ] mS " " "
: 1 20W 0 Q0E 180
1860 18 1900 1920 1540 1960 1980 2000 [ sonaaa—— |
Year 2 -1 0 1 2

Trend (°C per period)

Figure 1.2.2 - Separation of global temperature fluctuations and trends in the spatial distribution of
natural and anthropogenic components

In Figure 1.2.2, graphs on the left show the global temperature anomaly (°C) for the period
1860 — 2010, taking into account, only the modeling of natural factors (upper graph) and due

to the joint effect of natural and anthropogenic factors (lower graph), according to observations
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(black line) and according to the two ensembles of climate models (CMIP3 - blue line for the
middle and blue stripe for all models and CMIPS5 - red line for the average values of the

ensemble, and a yellow stripe for the range obtained in all models) [43, 44, 45, 46].

In general, for the entire period of observation model effectively reproduce the fluctuations in
global temperature and therefore we can assume that the temperature rise since the beginning
of the 1960s, almost exclusively due to anthropogenic factors. On the right scheme, Figure 1.3
shows the spatial distribution of temperature trends (in © C for the period) over the Globe only
due to natural factors according to modeling based on an ensemble of models CMIPS5 (top
figure) [47], according to observations (reanalysis) for the period 1951-2010 (Middle figure)
[48, 49] and the total simulated temperature due to natural and anthropogenic factors (lower

figure).

From a consideration of the drawings and comparing the right part shows that according to
models of growth temperature increases from middle to high latitudes, whereas according to
the observations of such a law is clearly not observed significant trends of the temperature rise
occurs at all latitudes, although expressed locally. On the Arabian Peninsula, as follows from
the right middle figure, and there are no trend area and the area of temperature increase,

including significant [50, 51].

Spatial trends in precipitation, as the same, the 5th IPCC report [15], even more ambiguous

and localized and depend on latitude and time of year [52, 53].

According to the results of the 5th IPCC report also shows that the current climate change is
becoming more frequent and anomalous phenomena [54, 55]. So in the WMO Statement on
the Status of the Global Climate in 2013 [56] states that in the period from 10 to 15 December
rare snowstorm struck separate areas of the Middle East. In Egypt, the snow fell in Cairo for
the first time 112 years. In the Republic of Syria, Jordan and Israel as an unprecedented amount
of snow fall. Storm accompanied by cold weather on December 15, the temperature dropped

to -16 ° C, the lowest temperature to be recorded.

Detailed analysis of climate change annual air temperatures and precipitation in the Arabian
Peninsula over the past 30 years was carried out in [57]. For this purpose, considered reanalysis
data [58] gridded in Saudi Arabia [59, 60], whose area is 80% of the area of the peninsula

obtained from observations at 27 meteorological stations (Figure 1.2.3).
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ETHIOPIA
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Figure 1.2.3. - Hypsographic map of the Arabian Peninsula with the observation points (red dots)
and their numbers

Precipitation data covered both very dry areas with precipitation of 40-80 mm per year (desert
region of the Rub al Khali), dry with annual rainfall of 80-150 mm in the center and in the
north, and humid areas with rainfall greater than 150 mm in the south-west Peninsula. Average
temperatures ranged from relatively high (24-27 © C) in the center and south of the peninsula
to low (<21 © C) in the north-west and south-west. The study found that rainfall in the second
half of the period under review tends to fall at a rate of 47.8 mm per decade, but with a large
inter-annual variability. At the same time, the maximum, medium and minimum annual
temperatures have increased at a rate of respectively 0.71, 0.60 and 0.48 ° C per decade [61].
The spatial distribution of velocities obtained trends or anomalies in decades (in percent for

deposits and in ° C for temperature) are shown in Figure 1.5.

From a consideration of spatial distributions implies that the temperature decade 1980-1989
was abnormally cold decade of 1990-1999. Average, but the last decade of 2000-2009.
Abnormally warm, with the largest positive anomalies occur in the center of the peninsula.
Spatial and temporal distribution of precipitation and more heterogeneous in each decade of
the field can be found both positive and negative anomalies. Thus, in the first decade negative
precipitation anomalies are observed in the north and center of the peninsula, and the positive
to the south-west. In the last decade, negative anomalies occur in the south-west and north, and
the positive - in the center and east. In addition, there are quite extensive areas where rainfall

does not change [62].
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1.3. Estimates of future climate based on scenarios and GCMs (applications of
the CMIPS results with the assessment of the most appropriate scenario and
the model for Yemen).

The main instruments for assessment of future climate are the physical and mathematical
models of the general circulation of the atmosphere and ocean with the inclusion of their
biological, chemical and other blocks [75, 76, 77]. Climate models like other numerical models
are in a period of intense development, which is mainly caused by rapid development of
computer technology. The process of inventing climate models is happening all over the World,
and therefore it was necessary to develop common rules for models verification, objective
being to compare different model skills, their pros and cons as well as their numerical
experimental results. For this purpose, in 1990 the international project AMIP was launched
and since then comparison of global AOGCM has been carried out between models and against

observational data.

AOGCM developed in different countries by different groups of researchers. This gives them
opportunity to explore systematic errors in forecasting the current state of the atmosphere and
or climate and evaluate the ranges of its possible changes by taking into account the influence

of different factors from microscale to mesoscale to synoptic and planetary scales.

Therefore, principal objectives of this paper were to assess the performance of AOGCM, to
select the best models for predicting changes in surface air temperature over Yemen and to

project the future tas changes under different scenarios.

In 2005-2006 Working Group on joint models between the atmosphere and the ocean
(Working Group on Coupled Modeling - WGCM) under AMIP began collecting the results of
climate modeling leading research centers around the world. Collected in archives simulation
results of the past, present and future climate formed a third phase of the project compared
interconnected models (Coupled Model Inter-comparison Project - CMIP3) [79]. In particular,
WGCM organized this activity to specialists outside the major centers for climate modeling
could use their results for the Fourth Assessment Report of the Intergovernmental Panel on

Climate Change (IPCC or the IPCC, 2007).

In general, the simulation results are for [IPCC Working Group Nel, which seeks to study the
physical foundations of the climate system (atmosphere, land, Ocean and sea ice) and the
choice of variables that reflect the components of the system and should be archived. This

collection of simulation results is called multi-model data sets CMIP3 project of the World
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Climate Research Program, (WCRP CMIP3). It represents a comprehensive archive of a large
set of data on climate twentieth and twenty-first centuries, and other experiments that almost
completely changes the way the analysis of the results of climate modeling for researchers,

students and all those interested in the problem of modern climate change.

This current study, for analyzing climate changes over Yemen uses data of 9 AOGCM from

CMIPS5 under the IPCC and organized by Working Group on Coupled Modeling (WGCM),

Table 1.3.1 Meteorological parameters used include near the surface air temperature and

rainfall.

Table 1.3.1 — List of CMIP5 models used in this study, including model identification,

group/country and atmospheric resolution

Model ID Originating group/Country Resolution (°)
BCC-CM1 Beijing Climate Center, China 2.8x2.8
CanESM2 Canadian Center for Climate Modeling and Analysis 2.8%2.8
CNRM-CM5 National Centre for Meteorological Research 1.41°x1.41°
HadGEM2 AO Hadley Centre for Climate Prediction, Met Office, UK 1.875x1.25
INM — CM3.0 Institute for Numerical Mathematics (INM)/Russia 2.0°x1.5°
IPSL-CM5A-MR | L’ Institut Pierre-Simon Laplace (IPSL)/France 3.75x2.5
MIROCS Japan 1.125x1.12
MPI-ESM-MR Max Planck Institute for Meteorology, Germany 1.875%1.875
MRI-CGCM3 Japan 1.125°x1.125°

All data used in this paper were downloaded from the FTP server of the World Data Climate
(WDC) maintained by the Earth System Grid Federation (ESGF) of the US Department Office
of Energy Science [2].

For the purpose of selecting the best effective AOGCM, future projections under two RCP
scenarios (45 and 85), featured by their respective radiative forcing of 4.5 and 8.5 W m? by the
year 2100 of monthly surface air temperature (tas) fields for the period 2006 — 2100, simulated
by different models were verified against simulated tas of recent-past for the period
1856-2005. Verification was done against historical simulations due to the lack of enough and

quality observational data in this area under study.

The CO2 concentrations associated with RCP scenarios are expected to reach peak at the end

of 21 century ; 538 ppm for medium 4.5 and 936 ppm for high 8.5 [1].
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Our main focus was on several periods: the near future period (2016 —2045), the middle period
(2046-2075) and the end of 21% century (2070 — 2099) relative to the reference period
(1976 — 2005).

It is important to note that, in this paper, change is the thirty-years mean values in the scenarios

(runs) relative to the reference period.

The Climate Data Operators (CDO) was used to manipulate monthly to seasonal tas field and

required time interval.

1.3.1. Recent-past climate in Yemen and nearby regions

In this study, for the purpose of quantifying the projections of the future climate change over
Yemen and nearby, the climatology means of surface air temperature from nine climate models
averaged over reference period for both winter and summer seasons have been used to represent
the recent-past climate. Results for a) bcc-csml-1, b) CanESM2, c¢) CNRM-CMS,
d) HadGEM2-A0, e) inmcm4, f) IPSL-CM5A-MR, g) MIROCS, h) MPI-ESM-MR, and
1) MRI-CGCM are shown in figure 1.3.1, left column for (December — February (DJF)) and
right for (June — August (JJA)).
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Fig. 1.3.1-2-1: bec-csml-1 Winter Fig. 1.3.1-a-2: bcc-csml-1 Summer
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Fig. 1.3.1-i-1: MRI-CGCM - Winter Fig. 1.3.1-i-2: MRI-CGCM - Summer

Spatial map in figs. 1.3.1, depicts that, the seasonal mean near the surface air temperature of
the CMIP5 historical experiments is ranging from 0 to 28 © C for DJF, with relatively low
meridional temperature gradients to the north and large gradients to the south, and from 16 to
40 °C for JJA, with relatively large temperature gradients to the north and small gradients to
the south.

1.3.2 Projected climate changes by the end of 21 century for scenario RCP85

Spatial distribution of seasonal averaged surface air temperature (°C) over Yemen and nearby
regions for the 2070-2099 period relative to reference period for DJF and JJA seasons left and
right columns respectively. Performance of CMIPS models has been compared against
historical experiment for two seasons DJF and JJA for near future period and by the end of 21*
century. Results according to model performance have been presented in figs. 1.3.2, and

table 1.3.1.
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Fig. 1.3.2-a-1: INMCM4 — Winter Fig. 1.3.2-a-2: INMCM4 — Summer
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Figure 1.3.2— Spatial distribution of seasonal averaged surface air temperature (°C) over
Yemen and nearby regions for the 2070-2099 period relative to reference period for DJF and

JJA seasons left and right columns respectively.

Agro Biodiversity and Climate Change Adaptation Project Page 23



Report on Assessment of Historical Climate Data.

Table 1.3.2 — Changes in seasonal average tas obtained using CMIP5 models relative to

1976-2005 reference period.

Model Name Atas
2016-2045 2070-2099

DIJF JJA DIJF JJA
INMCM4 0.6 0.6 1.5 1.5
MPI-ESM-MR 0.8 1.3 2.0 2.5
CNRM-CM5 1.5 1.4 2.5 2.5
CanESM?2 1.5 1.7 2.8 3.0
HadGEM2-AO 1.4 1.6 3.0 3.2
IPSL-CM5A-MR 1.3 1.4 -8.6 3.0
BCC-CSM1-1 -9.1 1.1 -8.2 2.0

Quantitative analysis of CMIP5 simulations of seasonal averaged near the surface air
temperature relative to 1976-2005 base period for the near future and by the end of 21 century
table 1.3.1 shows, that INM, MPI, CNRM and CanESM2 projection of near the surface air
temperature by the end of 21 century is better than the other models. Therefore, in this present

study, only these selected four CMIP5 models will be used for further analysis.
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Fig. 1.3.3-a: RCP45 — period of 1906-2005 Fig. 1.3.3-b: RCP45 — period of 2005-2100
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Figure 1.3.3. Chronological graphs of Yemen and Arabian Peninsula near the surface annual air

temperature anomalies and Multi Models Ensemble (MME) over the period of
1906-2005 and 2006-2100 for rcp45 (a and b) and rcp85 (c and d).

Chronological graphs of CMIP5 models of averaged near the surface air temperature anomaly
(Fig 1.3.1) over Arabian Peninsula depict increase in projected temperature by rcp85
throughout until the end of 21% century. RCP45 shows that the projected surface air temperature

also increase up to the year 2065.
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1.3.3. Projected climate changes by the end of near future period for scenario RCP45

Projection of climate changes in the Arabian Peninsula by the end of near future period for
scenario RCP45 has been performed. Figure 1.3.2 shows spatial distribution of averaged near
the surface air temperature for the near future period relative to recent-past period simulated
by CMIPS5 models as in Fig.1.3.3, except the MRI-CGCM model is excluded.
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Figure 1.3.4— Spatial distribution of seasonal averaged surface air temperature (°C) over
Yemen and the Arabian Peninsula for the near future period by different CMIP5 models
relative to reference period for DJF and JJA seasons left and right columns respectively.
Analysis of the spatial map indicate the projected warming of up to 1.9°C and 2.3°C for DJF -

winter and JJA - summer seasons respectively over Yemen and Arabian Peninsula.

1.3.4. Projected climate changes by the end of 21 century for scenario RCP45

Figure 1.3.3 shows spatial maps of seasonal averaged near the surface air temperature for
projected CMIP5 models (as in fig. 1.3.2), for scenario RCP45 by the end of 21 century
against the base period of recent-past. Analysis of the results indicates a projected warming
over the Peninsula with the largest and smallest increase in temperature during JJA and DJF

seasons respectively.
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Figure 1.3.5. Spatial distribution of seasonal averaged surface air temperature (°C) over Yemen
and in the Arabian Peninsula for the 2070-2099 period relative to reference period
for DJF and JJA seasons left and right columns respectively.

CMIP5 models show that, the projected average near the surface air temperature is varying
from 2.0 to 6.0°C.

Table 1.3.4.1 — 1.3.4.5 displays results of projected monthly air temperature by CMIP5 models

for three difference periods relative to base period and two RCP scenarios.

Table 1.3.4.1 — Changes in monthly average tas of rcp45 CMIP5 models for the 2016 — 2045
period relative to 1976 — 2005 reference period
Model Name Atas
2016-2045

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

INMCM4 03 05 0.9 0.6 0.6 0.6 0.6 0.7 0.4 0.6 0.9 0.6
MPI-ESM-MR 0.8 0.9 1.0 1.2 1.4 1.4 1.4 1.4 1.0 1.2 1.3 0.9
CNRM-CM5 1.7 15 1.4 1.5 1.4 1.3 1.4 1.4 1.4 1.7 1.6 1.3
CanESM2 1.3 1.6 1.4 1.7 1.7 1.8 1.7 1.7 1.8 1.9 1.9 1.8
HadGEM2-AO 14 1.2 1.6 1.2 1.7 1.6 1.6 1.8 1.6 1.5 1.6 1.4
IPSL-CM5A- 13 1.4 1.3 1.2 1.2 1.3 1.2 1.4 1.7 1.8 1.6 1.4
MR
BCC-CSM1-1 14 1.1 0.7 1.0 13 1.1 1.2 1.0 1.1 0.9 1.0 1.1

Agro Biodiversity and Climate Change Adaptation Project Page 32



Report on Assessment of Historical Climate Data.

Quantitative analysis of the projected monthly air temperature table 1.3.4.1 and table 1.3.4.2 over this

area under study depicts a warming of about 2 K.

Table 1.3.4.2 — Changes in monthly average tas of rcp85 CMIP5 models for the 2016 — 2045
period relative to 1976 — 2005 reference period

Model Name Atas
2016-2045
Jan Feb  Mar Apr May June July Aug Sept Oct Nov Dec

INMCM4 0.7 0.9 1.2 1.0 0.9 0.8 0.9 0.9 0.7 0.9 0.5 0.9
MPL-ESM-MR 13 1.1 12 1.7 1.9 1.5 1.5 1.5 1.4 1.3 1.3 0.9
CNRM-CMS5 1.6 1.5 1.6 1.7 1.6 1.4 1.5 1.5 1.7 1.7 1.7 1.5
CanESM2 1.8 1.8 1.7 1.5 1.6 1.8 2.0 1.9 2.0 2.2 2.1 2.2
HadGEM2-AO 1.3 1.0 1.3 0.9 1.2 1.3 1.2 1.4 1.3 1.1 1.4 1.2
IPSL-CM5A-MR 0.4 0.1 0.1 0.2 0,2 0,3 0,3 0.7 12 1.5 1.0 0.7
BCC-CSM1-1 1.6 14 1.1 1.0 1.3 1.1 1.4 1.3 12 1.0 1.3 14

Table 1.3.4.3 — Changes in monthly average tas of rcp45 CMIP5 models for the 2046 — 2076
period relative to 1976 — 2005 reference period
Model Name Atas
2046—2075

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

INMCM4 09 14 1.1 1.4 1.2 1.2 1.1 1.3 1.2 1.5 1.4 1.1
MPI-ESM-MR 1.8 1.7 1.7 1.9 2.2 24 24 23 2.1 2.2 2.1 1.9
CNRM-CM5 2.0 2.0 2.2 2.1 2.2 2.0 2.2 2.2 2.1 2.4 23 2.0
CanESM2 25 24 2.1 23 24 2.5 2.6 2.7 2.8 2.9 2.7 2.7
HadGEM2-AO 2.6 2.2 23 2.5 2.7 2.7 2.6 2.8 2.7 2.5 2.6 2.5
IPSL-CM5A-MR 2.0 2.1 2.2 24 2.2 24 2.2 2.5 2.8 2.7 2.5 2.0
BCC-CSM1-1 211 1.6 1.5 1.7 2.0 1.7 1.8 1.7 1.8 1.8 1.9 1.8

Table 1.3.4.4 — Changes in monthly average tas of rcp85 CMIPS models for the 2046 — 2076
period relative to 1976-2005 reference period

Model Name Atas
2046—2075
Jan  Feb Mar Apr May June July Aug Sept Oct Nov Dec
INMCM4 1.5 1.8 2.2 22 2.1 2.1 2.1 22 2.1 2.4 2.4 1.9
MPI-ESM-MR 2.8 2.7 2.7 3.0 35 3.1 3.1 3.1 3.0 3.0 3.1 2.8
CNRM-CMS5 25 26 2.7 2.9 2.9 2.7 2.9 2.8 2.9 3.1 3.0 2.5
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CanESM2 3.5 3.4 3.1 32 3.4 3.6 3.8 39 39 4.2 4.1 4.1
HadGEM2-AO 3.0 28 2.9 2.8 3.1 3.1 32 33 33 3.0 3.1 3.0
IPSL-CM5A-MR = 2.0 1.5 1.4 1.4 1.1 1.2 2.1 2.3 2.7 3.0 2.5 2.2
BCC-CSM1-1 3.0 27 2.3 2.6 2.8 2.7 2.8 2.6 2.6 2.6 2.6 2.5

Table 1.3.4.4 — Changes in monthly average tas of rcp45 CMIPS models for the 2071 — 2100
period relative to 1976 — 2005 reference period

Model Name Atas
2071—2100
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

INMCM4 1.1 15 1.6 1.6 1.6 1.5 1.5 1.5 1.5 1.6 1.6 1.6
MPI-ESM-MR 2.0 22 2.0 22 2.5 2.5 2.6 2.5 24 2.3 22 2.0
CNRM-CM5 2.6 25 24 2.7 2.6 2.5 2.5 2.5 2.6 2.8 2.8 2.5
CanESM2 28 27 26 2.7 2.7 2.9 3.0 3.1 3.1 3.2 3.2 3.1
HadGEM2-AO 3.1 29 3.1 2.9 33 3.1 3.1 3.2 32 2.9 2.9 3.0
IPSL-CM5A-MR 24 3.0 2.7 2.8 2.7 2.7 2.8 3.1 34 33 33 2.7
BCC-CSM1-1 2.1 21 1.7 2.0 2.2 1.8 2.0 1.9 2.1 1.8 2.0 2.2

Table 1.3.4.5 — Changes in monthly average tas of rcp85 CMIP5 models for the 2071 — 2100
period relative to 1976 — 2005 reference period

Model Name Atas
2071—2100

Jan  Feb Mar Apr May June July Aug Sept Oct Nov Dec

INMCM4 2.9 32 3.5 3.1 3.2 33 33 33 3.5 3.8 3.5 32
MPI-ESM-MR 4.0 4.0 4.0 4.7 5.2 4.9 4.9 4.9 4.7 4.7 4.7 43
CNRM-CMS5 4.0 3.8 4.1 39 4.1 4.0 4.2 4.1 44 4.7 4.5 4.1
CanESM2 5.1 4.8 4.7 4.6 4.8 53 5.6 5.6 5.6 5.8 5.8 5.8
HadGEM2-AO 4.7 4.4 4.4 4.3 4.6 4.8 4.9 5.0 5.1 4.7 4.8 4.8
IPSL-CM5A-MR 33 2.5 2.9 2.8 2.6 2.5 34 3.6 4.0 44 4.0 3.5
BCC-CSM1-1 42 3.8 34 3.9 4.1 4.0 4.1 4.1 3.9 3.9 4.1 4.0

Monthly increase of air temperature up to 6 K in some months was projected by CMIP5 models over

Yemen by the end of 21% century.

In this research, CMIP5 climate models data for different scenarios were verified against historical
experiment of recent past. Verification process depicts that INM-CM4 model perform better than other

climate models used in comparison analysis.

The projection of temperature of air near the surface was done on three different periods using
RCP45 and RCP85. Results shows that, for near future period warming of up to 1.9°C and

2.3°C for DJF and JJA seasons respectively over Yemen and Arabian Peninsula. The projected
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monthly near the surface air temperature is varying from 0.1 to 5.0°C, for the near, middle and

end of 21% under RCP45 and RCP85 scenarios.
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1.5. Applied research methods and the reasons for their use.

In this research, modern research technique of climatic changes in air temperature and
precipitation data based on CMIP5 models and long-term observations includes the following
main parts:
- Formation of a regional base in the long-term data monitoring stations, both in the
Arabian Peninsula and adjacent territory;
- Analysis of the quality and uniformity of observations and reduction of short rows to
the long-term period with the restoration passes observations;
- Identification of models for each time of observation and meteorological characteristics
of each;
- Spatial generalization of the results of modeling of climate change on the territory;
- Obtaining climatic laws for stationary conditions on the Arabian Peninsula;
- Construction of territorial statistical models and study the dynamics of their

coefficients.

Each part of the research methodology has its individual study. So regional database should
include series of observations not only in the Arabian Peninsula, but also outside it due to the
fact that these data can be used as a long-term series of analog to bring to long-term period of
data on the peninsula, as well as for reliable spatial generalization of the results, especially at
the borders of the peninsula. The second feature of the formation of the database - is the choice
of effective climatic characteristics for analysis. In order to assess internal variability within
the year and the impact of the individual months in the mean annual air temperature and the
amount of annual precipitation, it is important to choose optimal month which is also in the
research appears to be monthly increments. Data from this month are smoothed in order to
determine meteorological extreme and individual synoptic processes. Analysis of the quality
and uniformity of observations is the primary and one of the main parts of the methodology, as
the reliability and quality of the data depends on the accuracy and reliability of the installed
instruments. For an objective assessment of data quality statistical methods should be applied
and objective assessment of uniformity based on statistical criteria. In this paper we applied
two sets of criteria: first to assess the homogeneity of empirical distributions, which may be
compromised by the presence of non-uniform extreme and second - to assess the homogeneity
in time, which can be disrupted by changing the recording devices and other conditions of

observation. Clearly, if the aim is to establish long-term changes in climate, the presence or
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absence of one or more of the extreme in the multi-year time series should not influence the
parameters of the model, as these extremes are due to inter-annual variability, rather than long-

term changes in climate.

Therefore, if the extreme is not uniform, it can be excluded from a number of observations that
should not affect the form and parameters of climatic time series model. The quality of the
initial information applies to the reduction of a number of long-term periods for restoration of

observations. This procedure is necessary for the following reasons:

- Determining the type and reliability of a time series model parameters depends on the

duration and the uniformity of its observations, by assuming to missing data;
- Parameters of the models can be compared at different stations for the same time period.

For statistical modeling of time series were chosen the most simple model classes: stationary
and non-stationary. At the same time determined by the unsteadiness of the main parameter -
the average value of a set of observations. Also advantage stationary or non-stationary model
should be determined by simple and clear indicators. One such indicator is the residual
variance, or that could not be explained by the model. Thus, for a fixed model of residual
variance of the natural variation of the time series, ie, climate assumed to be constant, and all
natural inter-annual variability presented standard deviation. If the time series on non-
stationary model is more consistent, its variance or standard deviation should be less than for
the stationary model. This difference can be expressed as a percentage of estimates of statistical
significance on statistical criteria. A feature of this technique is that, as a non-stationary model
is considered not only a model of linear trend that has be used in modern empirical-statistical

analysis, but also the model of step changes [104].

1.6. Installation climate modeling software

In this research the following tools for data processing and visualization were installed.
1. The Climate Data Operators (CDO)
2. The Grid Analysis and Display System (GrADS)
3. Python

The above mentioned utilities were covered under the title technical aspects of computer
technology in meteorology, climate modeling and atmospheric sciences in general are the most
used tools in modeling community. These tools were selected because in scientific research the
most common data formats we are dealing with are Grid Regular Intermediate Binary (GRIB
1 &2) — the most used data format as per World Meteorological Organization (WMO) and
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Network Common Data Format (NetCDF) — which is a set of software libraries and machine-
independent data formats that support the creation, access, and sharing of array-oriented
scientific data. These two data formats are used in most big numerical and climate modeling

centers. Therefore, for the purpose of enhancing research capability by learning how to decode
models data using the above mentioned tools is very actual task.
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2. Formation of a regional database and analysis of the quality of the
observed data

2.1. Selection of observation sites (gauged stations) and the formation of a

regional database for Yemen area and nearby regions.
In this research, long time series of average monthly air temperature and total precipitation has
been used for the purpose of climate changes modeling. Data base of long-term series of air
temperature and precipitation are created using observational data received from Civil Aviation
& Meteorology Authority Yemen Meteorological Service CAMA / YMS, while other data
were downloaded from the following FTP Internet servers: The Royal Netherlands
Meteorological Institute (http://www.knmi.nl) [105] and the Washington Climate Center
(http://cdiac.ornl.gov) [106].

The Washington Climate Center server contains information of 6,000 stations measurements
of air temperature and 7500 stations of observed precipitation around the world, beginning
from 1980. The Royal Netherlands Meteorological Institute Internet servers have few stations,
but information is constantly updated covering data up to the year 2014.
The spatial distribution criterion of choosing meteorological weather stations for the analysis
was based on the following principles:
a) The chosen meteorological stations must be located in Yemen,;
b) Choose a weather station on the territory of neighboring country in order to use
them as analogues for the missing data and filling time series for stations in Yemen,
as well as for the purposes of spatial interpolation of data from climate models for

the stations located outside of the Republic of Yemen.

In this research, data of air temperature and precipitation from four meteorological stations
located in Yemen has been used. Due to the lack of enough and quality observational data over
this area under study, for the analysis of air temperature and precipitation, data from selected
meteorological stations in the territory of neighbouring countries: Saudi Arabia, Oman,
Djibouti and Eritrea have been used. Therefore, the total number of stations used is thirteen.
Spatial distribution of meteorological stations used in this research is shown in Fig. 2.1.1, and

their corresponding names and coordinates - in Table 2.1.1
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Figure 2.1.1. spatial distribution of meteorological stations used in this study

Table 2.1.1. Coordinates of meteorological stations located in Yemen and nearby countries.

Code Stat.name Latitude Longitude
41404 SANA'A 15.31 44.11
41452 IBB 14 442
41466 TAIZ 13.41 44.8
41390 AL-MAHWET 15.27 433
63125 DJIBOUTI 11.55 43.15
63021 ASMARA 15.28 38.92
40405 GASSIM 26.3 43.77
40430 MADINAH 24.55 39.7
41316 SALALAH 17.03 54.08
41314 THUMRAIT 17.67 54.03
40438 RIYADH 24.72 46.73
41036 TAIF 21.48 40.55
40439 YENBO 24.02 38.22
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For the analysis of monthly precipitation data four metrological stations located over Yemen
were used and eleven other located in Saudi Arabia, Oman, Djibout and Sudan. List of all

meteorological stations and their coordinates are presented in table 2.1.2.
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Figure 2.1.2. Spatial distribution of meteorological stations used in this study

Taple 2.1.2. Coordinates of meteorological stations located in Yemen and neighbouring
countries

Code Stat.name Latitude Longitude
41404 SANA'A 15.31 4411
41452 IBB 14 442
41466 TAIZ 13.41 44.8
41390 AL-MAHWET 15.27 433
40405 GASSIM 26.3 43.77
41140 GIZAN 16.9 42.58
41024 JEDDAH 21.67 39.15
40430 MEDINA 24.7 39.7
40438 RIYADH 24.7 46.7
41316 SALALAH 17 54.1
41036 TAIF 21.48 40.55
41314 THUMRAIT 17.6 54
40439 YENBO 24.1 38.1
63125 DJIBOUTI 11.6 43.2
62641 PORT.SUDAN 19.60 37.20
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Due to the fact that, further analysis and modeling of air temperature and precipitation were
carried out separately for selected meteorological stations, two regional climate databases were
established:
a. A database containing multi-year monthly mean time series of air temperatures for 13
stations;

b. A database containing multi-year monthly time series of rainfall for 15 stations.

For the formation of the regional database (DB), Hydrocalc software package was used.

2.2. Structure and information characteristics of regional climatic database.

The duration of period of observations, together with the quality of the data is one of the main
conditions for the reliable statistical modeling results. Therefore, the longer original time series

is and the fact that it include observations from recent years, the better the results.

Table 2.2.3 — Duration and period of observations of average air temperature at different

weather stations in Yemen and nearby states.

Ne Code Station Period of obs. chl)?st‘i(zﬁ)()f
1 41404 SANA'A 1983-2013 31
2 41452 IBB 1990-2013 24
3 41466 TAIZ 1983-2013 31
4 41390 AL-MAHWET 2006-2013 8
5 63125 DJIBOUTI 1911-1999 49
6 63021 ASMARA 1949-1991 43
7 40405 GASSIM 1967-2014 48
8 40430 MADINAH 1956-2014 59
9 41316 SALALAH 1942-2014 73
10 41314 THUMRAIT 1982-2014 33
11 40438 RIYADH 1941-2011 71
12 41036 TAIF 1961-2014 54
13 40439 YENBO 1967-2014 48
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The periods of observations for the two formed data base in this study is different. Information's

on the duration and period of observation of mean monthly air temperature is shown in table —

2.2.3, and precipitation table —2.2.4 for all selected weather stations in Yemen and neighboring

states.

Table 2.2.4 — Duration and period of observations of total monthly rainfall at different stations

in Yemen and nearby countries.

Ne Code Station Period of obs. Number of Years (n)
1 41404 SANA'A 1983-2013 31
2 41452 IBB 1990-2013 24
3 41466 TAIZ 1983-2013 31
4 41390 AL-MAHWET 2006-2013 8
5 40405 GASSIM 1967-2014 48
6 41140 GIZAN 1967-2014 48
7 41024 JEDDAH 1951-2004 54
8 40430 MEDINA 1956-2014 59
9 40438 RIYADH 1941-2011 71
10 41316 SALALAH 1942-2014 73
11 41036 TAIF 1966-2014 49
12 41314 THUMRAIT 1980-2014 35
13 40439 YENBO 1967-2014 48
14 63125 DJIBOUTI 1901-2000 100
15 62641 PORT.SUDAN 1906-2014 109

In general we can conclude that the information gathered allowed us to form two regional

climatic databases. Although the average observation period is not big enough and contains a

number of missing data, there also exist weather stations with the too long number of

observations compared to other stations, as a results mean value was affected by the longer

time series.
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2.3. Methods of assessing the homogeneity and stationarity.

Analysis of homogeneity and stationarity of raw data in one hand allows us to check the
reliability of the raw data and the presence data with of errors and large errors, on the other
hand to make preliminary conclusions about the statistical significance of climate change for

the separate intervals [107].

The first step in this part is to evaluate the uniformity of the empirical distributions of
meteorological characteristics, which can be caused by extreme deviation of observed values
from the maximum and minimum values. Evaluation of homogeneous series of meteorological
observations carried out on the basis of genetic and statistical analysis of observed raw data.
Genetic analysis is the process of identifying the physical reasons for the heterogeneity of the
raw data. For the purpose of assessing the statistical significance of the homogeneity of the
criteria outliers extreme values in the empirical distribution Smirnov-Grubbs criteria and Dixon

[108, 109] are used.
There are three main reasons for the heterogeneity:

a) Outliers meteorological variables of specific weather formations, for example,
weather conditions during typhoons;

b) Extreme event has a probability of occurrence of a rare event than that defined
by the empirical formula when it is included in the general set of observations;

c) The outliers values caused by large measurement error.

Statistical criteria Dixon is calculated based on empirical data using the following formula

a) The maximum Dixon criterion of the data sample arranged in ascending order:

Dln= (Yn -Yn—l)/ (Yn ‘Yl) (231 )
rie  Dln  — Maximum criterion of arranged sample;
Yn — Number of sample size.
D2, = (Yn -Yn—l)/ (Yn 'YZ) ( 232 )
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D30 = (Yo—Yn2)/ (Yn-Y2) (2.3.3)
D4, = (Yn —Yn-2)/ (Yn -Y3) ( 234 )
D5n = (Yn —Yn—Z)/ (Yn -Yl) ( 235 )

b) For a minimum member of the sample size aranged from smallest to largest (Y'1):

D11 = (Y1-Y2)/ (Yi-Yn) (23.6)
D21 =(Y1-Y2)/ (Y1-Yu-1) (23.7)
D31 = (Y1-Y3)/ (Y1-Yu-1) (2.3.8)
D41= (Y1-Y3)/ (Y1-Yn-2) (23.9)

D51 = (Y1-Y3)/ (Y1-Yn) (23.10)

Where: Yi<Y2<...<Yn,and N - Number of observation

Statistical test Smirnov-Grubbs for the maximum term of the ranked sequence (Yn) is

calculated as follows:

Gn= (Yn -ch)/ &) (2311 )

Where Ymean , 0 —mean value and standard deviation of data sample (Y1):

G = (Ymean -Yl)/ 9 ( 2.3.12 )

The main idea of assessing homogeneity using these criteria is to compare the results of
calculated value of empirical data from the data sets with the critical value obtained from table
for a given sample size (n), significance level, the autocorrelation coefficient and asymmetry.

The significance level is usually set to 5%, which corresponds to the adoption of the null
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hypothesis of homogeneity with a probability of 95%. As a result, the homogeneity of the

hypothesis can be accepted if the calculated value is less than the corresponding critical value.

Generally, asymmetric distribution of Pearson type 3 which takes into account internal
relationship of a time series of criteria Dixon and Smirnov - Grubbs has the following features.
Significant asymmetry in the analyzed samples leads to an increase in the critical values of the
data sets defined for normal distribution if the maximum number is verified, and decrease the
critical values of these statistics while checking the minimum number of members. The
influence of autocorrelation is not as significant as asymmetry. At the same time, the more
asymmetry data set is, the more the influence on autocorrelation they have. Therefore, using
Dixon and Smirnov-Grubbs criteria based on normal distribution, can leads to significant fault
on results. This is due to the fact that it is possible to take a minimum value belonging to nearest
sample of data, but in reality, the data is not uniform with other members, in the sense that
maximum or minimum data which obeys asymmetric distribution can be forced to undergo

normal distribution.

The second step in the assessment of stationarity, is assessment of homogeneity in time for
meteorological characteristics, measurement conditions which may have changed. For example,
this might happens due to replacement of instruments. In assessing stationarity of data set, long
time series is divided into parts, then means and variances are computed as well as their
corresponding Student and Fisher criteria [110, 112, 113]. The analysis is carried out according
to these criteria, after an assessment on the absence of outliers which normally affect the average

values, and especially variances.

F=07%/06%. (2.3.13)
where F — Computed value by Fisher;
6% 6 — Corresponding dispersion for two respectively sample size (j and j+1) with
%1 — sample size ni and n2, where 6% > 621

The stationarity hypothesis of dispersions taken at a given significance level a (%), is satisfied
if the calculated value of the test empirical data is less than critical value (F <F *) for a given

degree of freedom and appropriate sample sizes (nl and n2).
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Critical value of Fisher criteria (F *) depends on significance level (%), coefficients of
correlation (r (1)) and autocorrelation coefficient (R) of two equal numbers of samples space

(nx =ny) tables [110].

When sample sizes nl and n2 have greater than or equal to 25 numbers of observations, then
the classic F-distribution for normally distributed independent random variables with the new
degrees of freedom which depend on the autocorrelation and coefficient of asymmetry can be

applied and are defined by:

n, = a8
2 252 1- r2n2
b l—rz[l_ n (l—rz)]
2 (2.3.14)
where g — Coefficient which takes into account the influence of asymmetry of raw data

and can be obtained from special table;

r — autocorrelation coefficient between time series;

Estimated value of the statistic t-test to assess the steady-state mean values of two successive

sub-samples is determined by the formula:

Yep,— Yep,, 4’[1 n,(n,+n,+2)

810—? +”20§1 V o, (2.3.15)

Where Ymeanl. Ymeantl. 6 21. 6 211 — means values and variances of two consecutive sample size;

niu n2 — number of observations.

Student statistical critical value for the given equal number of observations can either be

obtained from the table or calculated by using the following formula.

t'e=Ct - ta . (2.17)
where ¢t — Student critical value obtained depending on availability of autocorrelation
coefficient;
C: — transition coefficient determined depending on the autocorrelation coefficients

given in the table of [110];
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t« — critical statistics for Student random collection with the same number of
degrees of freedom k =nl + n2-2;
Evaluation of stationarity by using Student (test) is also carried out by comparing the calculated
and the critical values of the data sets. If calculated is less than critical value for a given

significance level, then the hypothesis of homogeneity (stationarity) has been verified.

2.4. Results of assessing of homogeneity and stationarity for each site and each

climatic characteristic.

Analysis of homogeneity of empirical distributions of monthly air temperature and monthly
rainfall amount precipitation was carried out using Dixon and Smirnov-Grubbs criteria for long
term time series with period of observations of more than 20 years, and stationarity analysis
was performed using Fisher and Student's criterion for long term time series of more than 40
years. Restrictions on the selected duration was caused by: short term time series of
observations are likely associated with natural heterogeneity, influenced by the presence of
extremes of rare frequency of occurrences than that calculated from series with few numbers
of observations and to the natural cycles associated with oscillating periods of high and low air
temperature and precipitation, which may be from one up to 2-3 decades. At the same time, the
assessment of homogeneity and stationarity has been carried out for all stations located over

Yemen and beyond.

Summarized results of assessment of uniformity of average maximum (Max.) and minimum
(Min.) extreme temperatures using criteria Dixon (D) and Smirnov-Grubbs (SG) are shown in
Table 2.4.1 for those stations classified as heterogeneous. In this table, "+" sign indicates that
the homogeneity hypothesis is accepted, the sign "-" -is used when hypothesis has been rejected
and if the calculated value of the data sample at significance level a from 3% — 5%, the
hypothesis is accepted and placed in the table with "(+) ", and numerical value of the
significance level corresponding to the calculated value is shown. If the statistics test of the
calculated value have significance level ranged from 1 — 3%, the hypothesis of homogeneity
is rejected and in the table is shown as "(-)", and also the numerical value of the significance

level is indicated.
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From the results in Tabl.2.4.1, the number of non-uniform extremes for average monthly air
temperature is not so great. It can be noted that, the total number of tests based on two criteria
(Dixon and Smirnov-Grubbs) for the two extremes (minimum and maximum) for 15 stations
and 12 months is equal to 720, the total number heterogeneous cases is about 3% . If we
consider only guaranteed conclusions about the non stationarity, by excluding those in brackets,
their number will be 12, or 1.7%. If we analyze extremes (maximum and minimum) differently,
then the number of heterogeneous cases of maximum temperature will be 0.3% (total case),

and heterogeneous minima will be 3.0%.

Table 2.4.1. — Ranks of heterogeneous cases of average monthly temperature at different

weather stations in Yemen and adjacent areas.

No Code Station Max. Min. Max. Min.
D SG D SG D SG D SG
January February
1 | 40438 RIYADH -)1.6| + - - + + + +
2 | 41256 SIB + | (23| + + + + + +
3 | 41452 IBB + + - + + - - | (3.8
March April
1 | 41467 SANA'A + + + + + + - (P32
May June
40405
1 |GASSI GASSIM + - + - + + + +
M
2 140438 RIYADH + + ()14 + + + + +
41467 SANA'A + + - (2.1 + + (32| +
4 | 41452 IBB + + + + + + | (L6 | +
September October
1 | 40405 GASSIM + + - + + + + +
2 140430 MEDINA + + +- - + + ()27
3 41314 THUMRAIT + (27| + + + + + +
November December
1 | 40405 GASSIM + - + - + + + +
2 140430 MEDINA + + ()25 + + + +
3 | 41036 TAIF + + + + ()21 + + +
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The analysis of long-term series containing heterogeneous extremes showed that the reasons
for heterogeneous cases are mainly missing data and the total number of observations being
not long enough, which leads to strengthened of statistical significance of extremes. Examples

of long term time series containing heterogeneous extremes are shown in Figure 2.3.
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Figure 2.4.1 — Examples of heterogeneous extremes in average monthly air temperature
Results of the assessment of stationarity based on 15 stations using Fisher criterion (F) and

Student (t-test) are given in table.2.4.2 for identification of non-stationary cases.

Table 2.4.2. — Ranks of heterogeneous cases of average monthly temperature at different

weather stations in Yemen and adjacent areas.

Ne Code Station F St F St F St
January February March
1 41316 SALALAH - -
2 41466 TAIZ - -
April May June
1 40405 GASSIM (-)1.5
2 40438 RIYADH - - -
3 41316 SALALAH - - (-)3
July August September
1 40430 MEDINA - - (-)L4
2 40438 RIYADH - - -
3 40439 YENBO - (-)1.3
4 41316 SALALAH (-)1.3
October November December
1 41036 TAIF (-)1.4
2 41316 SALALAH - - (-)2.7
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Results displayed in table 2.4.2 shows that, non stationary in terms of dispersions are just 2
cases from short term time series (2%) of the 96 series (8 weather stations with period of

observations 40 years and more;
Non stationary on average are more than 15 cases (15.2%);

- non stationary cases in average more than variances, they occur not only at stations with
heterogeneous extremes or missing data and generally they are characterized by non stationary

climate, which is more evident during the warmer period of the year.

In any case, non-stationary air temperature is not caused by errors due to instruments, for
example, change of measuring instruments, and therefore non-stationary data were excluded

for further analysis. Examples of re-established non-stationary series are shown in Fig.2.4

SALALAH (January)

2404

2354 KFF
2304

2254 A

1940 1950 1960 1870 1880 1980 2000 2010

RIYADH (April)

ac

i

1840 1850 1860 1870 1880 1890 2000 2010 Nepuatt

Figure 2.4.2 - Examples of non stationary observations cases

Likewise, assessment of homogeneity and stationarity of total monthly precipitation long-term
time series was performed. Example of non-uniform set of extremes values for 44 stations in

the Arabian Peninsula is shown in table 2.4.3.

Analysis of homogeneity empirical distribution was performed for monthly sums of

precipitation and results are presented in table 2.4.3.
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Table 2.4.3. — Ranks of heterogeneous cases of total monthly precipitation at different weather

stations in Yemen and nearby areas.

No Code Station Max. Min. Max. Min.
D SG D SG D SG D SG
January February
1 | 40430 MEDINA - -
March April
2 | 41024 JEDDAH (-)2.3 (-)1.8
May June

5 | 41140 JEDDAH -

9 | 41316 SALALAH (-)1

10 | 41466 TAIZ - -
11 | 41467 SANA'A - -

July August

1 | 40430 MEDINA -

2 | 40438 RIYADH - -

7 | 41314 THUMRAIT - -

9 | 41470 IBB - (-)2.8

September October

6 | 40405 GASSIM (-)1.6 (-)2.5

8 | 40438 RIYADH - (-)2.5

12 | 41314 THUMRAIT - -

13 | 41467 SANA'A - -

November December

6 | 40438 RIYADH (-)1.5 (-)1.5

10 | 41316 SALALAH (-)2.3 - -

11 | 41467 SANA'A

Identified heterogeneous extremes were not excluded from the ranks of observations for
subsequent gaps filling procedures and interpolation of time series, because these are the raw

data and possibly interpolated values will not be perceived as a no stationary data. However,
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the heterogeneity of the results obtained has been taken into account in the assessment of

stationary of data.

From the results in table 2.4.3, the heterogonous cases of maximum extreme are 11 (3.3%) and
heterogeneous minimum are 8 (2.4%). The reasons of these results are the same as explained

in the case of air temperature.

Results of assessment of stationarity of the same precipitation stations 44 using Fisher test at
1% significance level are shown in table 2.4.4 .When Student's test was used, at the above

stated significance level there no stationary values were detected.

Table 2.4.4 — No stationary variances of total monthly rainfall for meteorological stations in

the Arabian Peninsula

Code Station Months
12|34 |56 |7 |89 |10]11]12

40430 MEDINA - - - -
40438 RIYADH - -
40439 YENBO - - - -
41036 TAIF - - -
41314 THUMRAIT - - - - - -
41316 SALALAH - - - - - ,

Results in table 2.4.3 shows that cases with non stationary have variance 25 (21%) out 120,
which is large enough, if we are going to take into account the fact that for evaluation of
homogeneous extreme these cases were only 2-3%. However, analysis of non-stationary time
series showed that almost all cases of non-stationary of variance were due to the influence of
one or more of the extreme, which can be homogeneous if assessed by criteria Dixon and
Grubbs-Smirnova, but they appears to be heterogeneous when their variances are evaluated as
the second moment of the distribution in the construction of the difference between extremes
and average of square value. Heterogeneous monthly percentage cases are more from October
to December. Stations Thumrait and Salalah have the highest number of months with non-

stationary variance of precipitation (6 months).

In general, non- stationary data were kept for further analysis because these are actual data.
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2.5. The technique for recovery permits observations and increasing of

observed time Series

For the purpose of making models results time series being more reliable and to use them in a

particular area, they must be:

a) Time series must have enough observations,
b) No gaps;

¢) The period of observations must be the same.

For restoration of observations and interpolation of time series with few observations is based
on the method of constructing the regression equations relationship of a time series and time

series-analogues in nearby observation stations [112, 116, 117, 118].

2.6. Results of data recovery and the formation of the historical (long-term)

time series for further modeling.

For the purpose of recovering data, and interpolating time series, the lowest value of correlation
coefficients in this research was taken as R=0.8, and R=0.7 for mean monthly air temperature
and total rainfall. The correlation coefficient for rainfall was taken to be smaller that of air
temperature because rainfall is changing a lot in space. The minimum number of observation
in filling the gaps was taken to be greater than 10 while the number of analogous was 3. The
results of assessment of effectiveness of restoring gaps series of monthly air temperatures are
given in table 2.6.1, where the numerator - number of years before restoration, the denominator

- after interpolating to long-term period.
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Table 2.6.1 - Assessment of effectiveness of restoring time series of air temperature to the long-

term period of meteorological stations in Yemen and nearby countries

Ne Code Station name Months
1 2 3 4 5 6
1 40405 Gassin 34/133 | 36/133 | 37/133 | 34/111 | 36/108 | 38/108
2 40430 MEDINA 50/111 | 52/110 | 53/92 54/77 51/80 54/95
3 40438 El-Riyadhi 55/87 | 55/106 | 61/108 | 58/71 58/79 | 58/105
4 | 40439 YENBO 28/111 | 31/101 | 29/107 | 33/71 30/63 31/63
5 41036 El-Taif 35/92 | 35/106 | 37/104 | 37/105 | 36/110 | 35/108
6 | 41314 Thumrat 25/69 | 21/92 | 23/69 | 24/69 | 25/98 23/82
7 41316 Salalah 52/130 | 49/105 | 54/70 54/72 55/95 55/71
8 41404 Sana'a 30/56 | 30/52 30/58 58/30 30/30 30/57
9 41452 Ibb 23/36 | 24/46 | 24/24 | 24/24 24/24 24/30
10 | 41466 Taiz 27/36 | 27/55 28/57 | 28/57 28/28 27/63
11 | 41390 Al-Mahwet 7/30 27/29 7/43 7/43 7/7 7/29
Mean 33/78 | 35/85 | 35/77 | 37/66 | 35/66 35/74
7 8 9 10 11 12
1 40405 GASSIM 35/93 | 34/107 | 34/107 | 32/98 34/94 | 33/105
2 40430 MEDINA 50/81 | 49/108 | 49/108 | 50/69 | 52/107 | 52/111
3 40438 El-Riyadh 58/98 55/83 55/83 | 56/110 | 56/107 | 60/109
4 | 40439 Yenbo 33/107 | 25/103 | 25/103 | 28/89 | 28/108 | 30/109
5 41036 El-Taif 35/103 | 34/99 | 34/99 | 30/106 | 32/110 | 31/100
6 | 41314 Thumrat 22/85 21/87 | 21/87 | 22/83 24/69 26/98
7 41316 Salalah 51/97 53/68 53/68 | 57/110 | 54/68 54/73
8 41480 Aden 93/127 | 95/125 | 95/125 | 93/128 | 95/129 | 95/128
8 41404 Sana'a 30/59 30/61 30/60 | 30/30 | 30/30 30/30
9 41452 Ibb 23/29 | 24/29 | 24/38 | 24/24 | 22/31 23/23
10 | 41466 Taiz 27/56 | 27/45 28/29 | 28/56 | 28/36 28/28
11 | 41390 Al-Mahwet 7/30 7/30 8/35 8/37 8/30 8/8
Mean 42/86 | 41/86 | 41/86 | 42/85 | 42/84 46/84

Results of the procedure of restoration of data in the table above shows that the average period

of observations of 33-46 years was increased to 66 (April) - 84-86 (August-February) years,
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and recovered data in cold season was more effective than that in warm season, due to the
greater uniformity of synoptic processes and better spatial temperature distribution during this

period.

After the recovery process, verification of the long time series on the homogeneity on the
extreme was carried out using Dixon and Smirnov-Grubbs criteria and stationary of means
value and variances by Student's t test and Fisher. This was done because small heterogeneity
and non-stationary in the data can lead to substantial heterogeneity in the recovered data and

on the other hand there may be significant errors in the recovered data for individual years.
Results of homogeneity testing of the recovered time series for Yemeni are shown in table 2.6.2.

Table 2.6.2 - Assessment of homogeneity of restoring time series of air temperature in Yemen

and nearby countries

Ne Code Stat name Max Min Max Min
D SG D SG D SG D SG
January February
1 41466 TAIZ + + (-)2.6 1.1 + + + +
2 41390 AL-MAHWET + + + + + + (1.1 | (H)3.1
June August
1 41404 SANA'A + + + + - + (-)24 | ()43
2 41466 TAIZ + + + + (+)3.7 + + +
3 41452 IBB + + + + + + + +
September October
1 41404 SANA'A + + - - + + + +
2 41452 IBB + + + + (-)2.5 (H)3.7 - -
3 41390 AL-MAHWET + + - (H)3.3 + + + +
November December
1 41404 SANA'A - ()1 + +
2 41390 AL-MAHWET + + - -

Verification of homogeneity of extreme value of time series of air temperature guarantee that
at a = 1%, heterogeneous cases was obtained 6 times out of which 2 cases contains
heterogeneous maximum and 4 cases- heterogeneous minimum. All cases of heterogeneous
extremes were excluded in the time series for further modeling. Even if they were observed

they may also contain errors, and most important, the exclusion of the value in the long time
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series practically should not affect the parameters of time series models and establishment of

long term climate changes.

Analysis of stationarity of mean and variance table 2.6.3 of recovered long term time series

based on Student and Fisher criteria indicates that, 5 cases were guaranteed non-stationary and

with dispersion (10%) and 7 cases non-stationary with average (14%).

Table 2.6.3 — Results of heterogeneous cases of recovered data of mean monthly temperatures

at different meteorological stations in Yemen.

Ne Code Stat.name F | St F | St F | St
January February March
1 41404 SANA'A + (+)4.7 + - + -
2 41466 TAIZ + + (-)2.7 | (2.9 + -
3 41452 1BB + (1)3.7 + -
4 41390 AL-MAHWET - (+)3.4 + + + (+)4.5
April May June
1 41404 SANA'A + (-)2.5 + (+)4.7
2 41466 TAIZ (-)1.7 +
3 41452 IBB (-)1.6 +
4 41390 AL-MAHWET + +
July August September
1 41404 SANA'A + + - + - -
2 41466 TAIZ + (4 | (D33 + - +
3 41452 IBB + + + + - -
4 41390 AL-MAHWET + ()15 | (H)4.9 + + (-)1.6
October November December
1 41404 SANA'A + -
2 41452 IBB - + + +
3 41390 AL-MAHWET (4.7 | (1.1 +

A detailed analysis of each restored time series showed that in most cases non-stationary

variances and average values are influenced by the presence of heterogeneous extremes, which

were excluded from the time series. In other cases, especially for the averages, non-stationary

is caused by errors in the recovered data, which were also excluded from the time series of

observations. As a result, the recovered time series of monthly air temperatures and monthly

rainfall for subsequent modeling has been formed.
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3. Statistical modeling of climate change in Yemen and
neighboring regions

3.1. Statistical modeling techniques and basic models (random sample and two

main non-stationary models: linear trend and step changes).

The following time series models were considered the following [119, 120, 121]:
- A model of a stationary sampling;
- Non-stationary model of monotonic changes as a trend,
- Non-stationary model of step changes, characterized by the transition from one steady
state to another.
Direct modeling of time series consists of three main stages [137, 139]:
- Calculation of model parameters;
- Evaluation of the effectiveness of non-stationary models with respect to the stationary
- Evaluation of the statistical significance of non-stationary models with respect to the
hundred-stationary.
Stationary model parameters are the mean value (Ycp) and standard deviation (c), determined

by a number of observations.

A stepwise changes model is similar to two (or more) stationary models for two (or more) time
series, which characterized by constant over time mean and standard deviation for each of the

series:

Yiep = constl, Y2qp = constl,

o1 = constl, o2 = const2 (3.1)

Moment of stepwise changes (z:) is determined visually or on the basis of additional
information on the factors and the date of violation of stationarity (eg change in the index of
atmospheric circulation), and can be determined by iteration when the minimum value of the
sum of squared deviations from the mean value for each of the two parts of the temporary

series:
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nl n
SS=>(-Y,) +> (¥, -Y,,) =min (32)
1

nl+l

where nl, n2 - the volume of each of the two parts of the time series; SS - total sum of squared

deviations.

The standard deviation of residuals stepwise changes model for a single-stage and two fixed

intervals determined by the formula:

2 2
o _ o, n +0"2n, (3.3)
" (nl +n, _1)

where ¢ ot - standard deviation of the residuals of the model step changes; c1, 62 - standard

deviations fixed intervals of time series; nl, n2 - the volumes of stationary segments.

Linear trend model is expressed by the following equation [115]:
Y(t)=bt+b,, (3.4)

where t - time; b1, b0 - the coefficients of the regression equation determined by mean square

method:
Z (Yz - ch)(ti _tcp)
b] — i=1 -
Z (tt - tcp )2
i=1

by =Y, — bt

1%¢cp

: (3.5)

(3.6)

The statistical significance of the linear trend model is estimated by statistical significance

coefficient bl or correlation coefficient R according to (4), which is calculated by the formula:

(%~ ¥, )t - 1,,)

Jia&%;fiaﬁ@f

R= (3.7)
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The statistical significance of R is determined from the condition R>R *, where R * - critical
value of the correlation coefficient determined for a given number of degrees of freedom (v)

and a significance level (o) where v =n-2, n- volume number, a = 5% [108].

For linear trend model standard deviation of residuals calculated by the formula:

o,=0,1-R’ (3.8)

where oy - standard deviation of the original series (model of a stationary medium); og -
standard deviation of the residuals with respect to model the linear trend; R - correlation

coefficient equation linear trend.

To quantify the differences between the trend model and model of step changes on the model

of a stationary average relative deviations are calculated by the formulas:

6,6,
A, =| = —=|*100%
Y , (3.9)

O- - O-cm n
Ast = (4}400% : (3.10)
O-y

where Atr, Ast - relative deviations or variations (%) trend model and the model of step changes
in the model fixed sample; oy, o€, ostup - standard deviations residues, respectively models of

random sampling, the linear trend and step changes.

O v
Fpp = 2
Oz (3.11)
2
Ov
FCTYH: 2
O cmyn (312)

The numerator will always be the variance of the original series of observations, as it is greatest,
or at least equal to the residual dispersion competing models. If the calculated statistic value is
larger than the Fisher critical, then the variance of the two models to have statistically
significant difference from the model and the corresponding (or step changes in the trend) is

statistically more effective than the model of stationary sample.
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3.2. Results of simulation of climate change in long-term time series of monthly
air temperature.

The parameters of time series models and their performance characteristics were calculated and

compared with stations data of air temperature on the territory of Yemen, and neighboring

territories.

Modeling results time series for 4 stations in Yemen and for all 12 months are shown in Table

3.2.1.

Table 3.2.1 - Models time series and their characteristics for the average monthly air

temperature at weather stations in Yemen.

WMO A% Astep% Fu thep Fst St st Tstep. Tin. Ttin. N RTp
January
41390 | 3.2 9.4 1.07 | 1.22 | 1.68 |-2.16| 2003 | 1984 | 2013 | 29 |-0.25

41404 | 7.9 9.6 1.18 | 1.22 | 1.26 | 2.06 | 1998 | 1983 | 2013 | 31 | 0.39

41452 | 54 10.1 1.12 | 1.24 | 1.08 | 2.21 | 1999 | 1975 | 2013 | 33 | 0.32

41466 | 0.3 6.3 1.01 | 1.14 |20.48| 1.49 | 1990 | 1971 | 2013 | 35 | 0.08

February
41390 | 24 23 1.05 | 1.05 | 1.34 | -1.04 | 2004 | 1984 | 2014 | 28 |-0.22

41404 | 5.9 17 1.13 | 1.45 | 476 | 2.13 | 1994 | 1983 | 2014 | 32 | 0.34

41452 8 18.8 | 1.18 | 1.52 | 1.38 | 2.84 | 1994 | 1970 | 2013 | 37 | 0.39

41466 | 0.9 12 1.02 | 1.29 | 7.25 | 1.68 | 1994 | 1983 | 2013 | 31 | 0.13

March
41390 | 9.6 14.1 1.22 | 1.36 | 3.29 | 2.15 | 2000 | 1987 | 2014 | 26 | 0.43

41404 | 15.3 19.8 | 1.39 | 1.55 | 5.64 |-3.57 | 1981 | 1950 | 2013 | 58 |-0.53

41452 | 6.8 0 1.15 1 1981 | 1990 | 2005 | 16 | 0.36

41466 | 0.1 3.5 1 1.07 | 1.54 | 1.12 | 1995 | 1983 | 2013 | 30 | 0.05
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WMO | Av% | Asip% | Fuor | Fstep | Fst | Stst | Tsiep. | Tin. | Thin. N Rip

April

41390| 13.5 12.5| 1.34| 1.31| 1.38] 4.08| 2003| 1957| 2014 581 0.5

41404 6.6 109 1.15] 1.26] 1.01] 2.12| 1998| 1983| 2013 31| 0.36

41452 5.7 0| 1.12 1| 221} 1.57| 1998| 1990| 2005 16| 0.33

41466 0 6.7 | 1.15] 1.33]-1.62| 2002| 1983| 2013 29| 0.02
May

41390 0 1.6 1| 1.03] 1.87]-0.85| 2003| 1983| 2013 29 0

41404 3.1 5.6/ 1.07( 1.12| 1.59| 1.66] 1999| 1983| 2013 311 0.25

41452 0.1 6 | 1.13] 1.55] 1.33] 1999| 1989| 2013 25| 0.05

41466 1.2 5|1 L.02| 1.11 1.3 1.25| 1994| 1983| 2013 31] 0.15
June

41390 12 13.5| 1.29| 134 2.75| 2.8| 2003| 1983| 2014 32 0.47

41404 1 3.7] 1.02] 1.08 2| 1.07] 1990| 1980| 2013 34| 0.14

41452 0.9 1.4 1.02] 1.03| 2.55| -0.78| 2004| 1988| 2014 27| -0.14

41466 5.6 12.7| 1.12| 1.31] 1.68| -2.27| 2003| 1983| 2013 29| -0.33
July

41390 0 1.1 1| 1.02 1.4, -0.7| 1994| 1983| 2013 30| -0.01

41404 1.6 3.2 1.03] 1.07| 1.74| 1.54| 1987| 1968| 2013 46| 0.18

41452 0.1 5 | 1.11] 3.51] 1.29] 1996| 1983| 2013 29| 0.05

41466 3.7 11.5| 1.08| 1.28] 1.52| -3.68| 2003| 1958| 2013 56| -0.27
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WMO | Av% | Asip% | Fuor | Fstep | Fst | Stst | Tsiep. | Tin. | Thin. N Rip
August
41390 10 11.1) 1.23| 1.26| 1.01] -2.31| 2003| 1983| 2013 30| -0.44
41404 23 33| 1.05] 1.07| 1.32| -1.32| 2003| 1983| 2013 31| -0.22
41452 5 9.9 1.11| 1.23] 1.06| -2.11| 2003| 1983| 2013 29| -0.31
41466| 24.5 19.1| 1.75| 1.53] 1.99| -3.07| 2003| 1983| 2013 30| -0.66
September
41390 5.2 0| 1.11 1 0| 1994| 2013 18| -0.32
41404 0.4 3| L1.01| 1.06| 2.03| -1.22| 2000| 1983| 2013 31( -0.09
41452 143 3.7] 1.36] 1.08| 2.59| 1.23] 1999| 1967| 2013 26| 0.52
40466 2.4 5.6/ 1.01| 1.02| 1.07| 0.16] 1908| 1983| 1919 45| -0.09
October
41390 59 82| 1.13] 1.19| 2.75| 1.75| 2003| 1990| 2014 25 0.34
41404 0.3 1.6/ 1.01] 1.03| 1.06| -1.01| 2003| 1983| 2013 31| -0.08
41452 0 0.9 1| 1.02) 1.73] 0.73| 2001| 1980| 2014 33| 0.03
41466 0.7 3.7] 1.01] 1.08] 1.06| -1.33| 2002| 1982| 2013 31| -0.12
November
41390 0.9 6.4 1.02| 1.14| 1.26| -1.58| 2000| 1985| 2012 27| -0.14
41404 0 0.7 1| 1.01] 1.66| 0.65| 2002| 1983| 2013 31 0
41452 0.7 6.2 1.01| 1.14| 1.48| 1.44| 1998| 1987| 2014 27 0.12
41466 4.7 9.9 1.1} 1.23| 2.4 -2.13| 2002| 1983| 2013 28| -0.3
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WMO A% Astep% Fu thep Fst St st Tstep. Tin. Ttin. N RTp

December
41404 2.1 3.8 1.04] 1.08] 2.49| 1.27| 1994| 1983| 2013 30 0.2
41452 15.5 0 1.4 1 2.9 1.01| 1994| 1990| 2004 14| 0.53

41466 6.8 20.8| 1.15| 1.59| 191 -2.7| 2000| 1983| 2013| 29| -0.36

From Table 3.2.1 shows the most significant non-stationary models for different months and
different stations:
February - stepwise change model for weather stations: Sana'a (Astep = 17%), Ibb

(Astep = 18.8%), Taiz (Astep = 12%)

- March - for the weather station Al-Mahwet (Astep= 14.1%), Sana'a (Astep = 15.3% =
19.8% Atr);

- April for the weather station Al-Mahwet (Astep = 12.5% = 13.3% Atr);

- June for the weather station Al-Mahwet (Astep = 13.5%, Atr = 12%) and Taiz (Astep =
15.3%);

- August for the weather station Taiz (Astep = 19.1%% Atr = 24.5%););
- September for the weather station Ibb (Atr = 14.3%);
- December for the weather station Ibb (Atr = 15.5%), Taiz (Astep = 20.8%)

Of all the 20 effective non-stationary models (14 models stepwise changes and trend models
6), which makes a total of 16 non-stationary series, or one-third of all (33.3%) is statistically
significant only one non-stationary model for the weather station Taiz and August temperatures

(Atr = 24.5 %)), and December (Astep = 20.8%).

The time series for some non-stationary models at A> 15% are shown in figure 3.2.1.
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Figure 3.2.1. Non-stationary time series of long-term temperature air temperature at
meteorological stations in Yemen

From the analysis of non-stationary time series graphs that in two cases out of five has been an
increase in temperature: Weather Station Ibb (December and February), and in three cases - the
temperature drop: Weather Station Taiz (August and December) and weather station Sa-na'a

(march).
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A detailed analysis of the graphs showed the following:

- The temperature at Sana’a weather stations in March was recovered for the period from

1950. to 1982, which causes non-stationary observed data are shown in Figure 3.2.2);

- On the station Ibb observations are available only since 1990, so non-stationarity can
be caused by short duration of observations and errors in the recovered data (observed

data are also shown in Figure 3.2.2).

- At the meteorological station Taiz observed data are available since 1983, and the

model reflect the situation of observed data of poor quality (Figure 3.2.2).

SANA'A wap1 1BB February

r T T T T T T 1 r T T T T
1930 1885 1930 1885 2000 2005 2010 1830 1895 2000 2005 010

IBB December TAIZ August

2404 1980 1985 1990 1995 2000 2005 2010
1990 1995 2000 2005 2010

TAIZ December

r T T T T T T
1980 1985 1930 1935 2000 2005 2010

Figure 3.2.2. Observational data on weather stations in the Republic of Yemen.
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As a result, the analysis of time series models in Yemen the following conclusions:
- The vast majority of the time series of observations at meteorological stations 4
Republic of Yemen are stationary;
- Individual non-stationary cases, such as at the meteorological station Taiz, are caused

by insufficient length of observation and possible measurements errors.

For the purpose assessing changes in climate, the study area was selected and data from
different weather stations was examined including surrounding countries represented in a

regional database. For these stations also recovering of time series was performed.

And if non-stationary case has been depicted, then assessment was done by excluding after
recovered data have been excluded, extremes of data for the first part of time series 1950-

1960's. As a result, the following time-dependent model temperature model was obtained.

Table 3.2.2. - Effective time-dependent stationary models and their characteristics (air

temperature in the surrounding areas).

WMO Av% Astep% Fir F step Fist St st Tstep Tin Tin N Rir
January

41452 | 54 10.1 1.12 | 1.24 | 1.08 | 2.21 | 1999 | 1975 | 2013 | 33 | 0.32

41316 | 14.7 14 1.37 | 1.35 | 3.27 | 4.42 | 1914 | 1881 | 2011 | 130 | 0.52

February
41404 | 5.9 17 1.13 | 1.45 | 476 | 2.13 | 1994 | 1983 | 2014 | 32 | 0.34

41452 8 18.8 | 1.18 | 1.52 | 1.38 | 2.84 | 1994 | 1970 | 2013 | 37 | 0.39

March
41316 | 16.6 19.6 144 | 1.55 | 395 | 4.27 | 1985 | 1941 | 2011 | 60 | 0.55
41404 | 15.3 19.8 1.39 | 1.55 | 5.64 |-3.57| 1981 | 1950 | 2013 | 58 |-0.53

41390 | 0.2 16.3 1 524 | 298 [-1.39] 1987 | 1983 | 2014 | 56 |-0.06

April
40405 7 105 | 1.16 | 1.25 | 1.29 | 5.07 | 1999 | 1901 | 2011 | 111 | 0.37
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WMO | Av% | Asip% | Fuor | Fstep | Fst | Stst | Tseep | Tin Tfin N Rir
January
41452 | 54 10.1 1.12 | 1.24 | 1.08 | 2.21 | 1999 | 1975 | 2013 | 33 | 0.32
41316 | 14.7 14 1.37 | 1.35 | 3.27 | 442 | 1914 | 1881 | 2011 | 130 | 0.52
40438 10 13.3 1.24 | 1.33 | 1.4 | 441 | 1999 | 1938 | 2011 | 71 | 0.44
40439 | 13.7 12.6 1.34 | 1.31 | 1.38 | 3.09 | 1978 | 1967 | 2011 | 45 0.5
41316 | 29.9 264 | 2.03 | 1.84 | 3.1 | 545 | 1984 | 1937 | 2010 | 71 | 0.71
41404 | 6.6 10.9 1.15 | 1.26 | 1.01 | 2.12 | 1998 | 1983 | 2013 | 31 | 0.36
May
40438 | 25.2 25.2 1.79 | 1.79 | 2.4 | 485 | 1973 | 1923 | 2011 | 79 | 0.66
40439 6 15.2 1.13 | 1.39 | 1.7 | 4.13 | 1987 | 1944 | 2010 | 63 | 0.34
41314 | 14.2 16.1 1.36 | 1.42 | 1.99 | 4.73 | 1948 | 1906 | 2010 | 94 | 0.51
June
40405 | 25.6 304 1.81 | 2.07 | 2.61 | 5.28 | 1996 | 1962 | 2011 | 50 | 0.67
40438 | 18.6 243 151 | 1.75 | 2.16 | 591 | 1994 | 1941 | 2011 | 71 | 0.58
40439 | 14.2 13.1 1.36 | 1.32 | 1.49 | 3.2 | 1994 | 1967 | 2011 | 45 | 0.51
July
40405 | 17.8 23.8 1.48 | 1.72 | 2.39 | 4.63 | 1996 | 1962 | 2011 | 50 | 0.57
40430 | 13.1 12.9 1.32 | 1.32 | 2.53 | 3.69 | 1986 | 1951 | 2011 | 61 | 0.49
40438 | 30.4 266 | 2.07 | 1.86 | 8.09 | 4.82 | 1978 | 1941 | 2011 | 71 | 0.72
40439 | 154 25.2 1.4 | 1.79 | 2.24 | 5.65 | 1995 | 1950 | 2011 | 62 | 0.53
August
40405 | 18.6 30.6 1.51 | 2.08 | 2.49 | 6.61 | 1998 | 1951 | 2010 | 60 | 0.58
40430 | 24.1 25.7 1.74 | 1.81 | 2.55 | 6.42 | 1995 | 1941 | 2010 | 70 | 0.65
40438 | 41.7 30.7 | 295 | 2.08 | 3.42 | 5.73 | 1985 | 1938 | 2010 | 67 | 0.81
40439 | 29.3 29.6 2 2.02 | 242 | 6.4 | 1995 | 1947 | 2010 | 64 | 0.71
41036 | 20.2 24 1.57 | 1.73 | 405 | 4.2 | 1983 | 1951 | 2010 | 60 | 0.6
September
40405 | 0.1 10.2 1 1.24 | 7.93 2 1915 | 1904 | 2010 | 105 | 0.04
41452 | 143 3.7 1.36 | 1.08 | 2.59 | 1.23 | 1999 | 1967 | 2013 | 26 | 0.52
40430 | 13.5 16.4 1.34 | 1.43 | 1.73 | 3.73 | 1996 | 1963 | 2010 | 48 0.5
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WMO A% Astep% Fu thep Fst St st Tstep Tin Ttin N R

January
41452 | 54 10.1 1.12 | 1.24 | 1.08 | 2.21 | 1999 | 1975 | 2013 | 33 | 0.32

41316 | 14.7 14 1.37 | 1.35 | 3.27 | 442 | 1914 | 1881 | 2011 | 130 | 0.52

40438 | 39.4 283 | 273 | 1.94 | 447 | 5.56 | 1965 | 1941 | 2010 | 70 | 0.8
40439 | 28.1 39.6 | 1.93 | 2.75 | 9.22 | 472 | 1979 | 1931 | 2010 | 62 | 0.69
41314 | 9.1 13.7 | 1.21 | 1.34 | 1.56 | 3.57 | 1987 | 1953 | 2010 | 58 | 0.42
November
40430 | 10.3 129 | 1.24 | 1.32 | 1.13 | 3.31 | 1986 | 1956 | 2010 | 55 | 0.44
40438 | 21.9 229 | 1.64 | 1.68 | 1.71 | 499 | 1985 | 1941 | 2010 | 68 | 0.62
40439 | 38.8 347 | 2.67 | 2.35 | 428 | 4.1 | 1986 | 1961 | 2010 | 50 | 0.79
41036 | 7.5 109 | 1.17 | 1.26 | 2.14 | 3.3 | 1985 | 1951 | 2010 | 58 | 0.38
41316 | 22.3 22 1.66 | 1.65 | 2.8 | 5.09 | 1985 | 1943 | 2008 | 66 | 0.63

November
41314 | 7.6 124 1.17 | 1.3 | 1.33 | 3.35| 1993 | 1961 | 2010 | 50 | 0.38
41316 | 22.9 19.5 1.68 | 1.54 | 1.87 | 4.86 | 1986 | 1942 | 2010 | 67 | 0.64

December

41452 |155 |0 1.4 1 29 [1.01 |1994 |1990 |2004 |14 ]0.53

From table 3.2.2, for the winter months non-stationary cases were absent, and the largest
number of them depicted in July and August and they sum up to 40-45% of all cases. At the
same time, the average for the territory Astep following: for May Astep = 12.5% for June Astep
=10.5% for July Astep = 15.2% for August - Astep = 18.0% for September Astep = 10.6%. In
comparison, for the winter months: Astep = 4.8% for December Astep = 3.3% for January Astep
=4.2% for February. In almost all cases non-stationary cases were caused by stepwise increase
in temperature and in most cases, this date refers to the 1980 - 1990 years. Linear trend model
is less efficient than step changes and averages Atr% for the warm half of the year are as
follows: 9.6% - for May, 6.9% for June, 11.4% for July, 12.5% for August and 7.7% in
September.
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Figure 3.3 shows the spatial distribution of temperature deviations Astep for May, June, July
and August, with the greatest difference from the stationary model, where the territory of a non-
stationary model for effective Astep> 10% is represented by the colors red shades, and

inefficient non-stationary models of blue shades.

It can be seen from Figure 3.2.3, the non-stationary model is dominant in the summer months
almost the entire territory except in the south. The biggest difference from the stationary model
takes place in August, with almost the entire area shows tendency to 20-30% with the exception
of coastal southern regions. In May in the same area, stationary model is depicted in the west
of the Peninsula in the Red Sea, and in the summer months, gradually shifting from west the

south.

Figure 3.2.4 shows the spatial distribution of deviations Astep for April and autumn months,

in which the percentage of non-stationarity is less.

K
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Figure 3.2.3 — Spatial deviation of non-stationary model from Aswepin % for May, June, July

and August monthly mean.
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Figure 3.2.4 — Spatial deviation of non-stationary model from Astep (% ) for April, September,

October and November.

Figure 3.2.4 shows that in the autumn non-stationary mode is gradually decreased and shifted
to the southwest, ie, in coastal areas. In April, on the contrary, it extends from the south to the

central regions.

In general, there is annual variation of the dynamics of spatial non-stationarity in the entire
Arabian Peninsula. If during the winter almost the entire Peninsula have stationary temperature,
in March non-stationarity can be depicted in the individual stations in the south; in April - in

the south and center of the peninsula;
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In May - almost the entire Peninsula except the western part; in June - the only stationary cases
are depicted south and south-west; in September stationary shifted to the eastern part of the

Peninsula.

In October additional stationary cases appears in southwest; In November stationary cases are
apparent in most parts of the Peninsula, except for some of the south and west areas.

In winter time-dependent model on the peninsula is almost absent and manifested only in one
southern station - Salalah. Since the spring, is spread and offset unsteadiness of coastal areas

in the southern, central, and southern coastal areas by June become stationary.

In August, almost the entire area of the Arabian Peninsula is represented by non-stationary
models, except for the southern regions and individual stations in the Red Sea coastal
developments. At the beginning of the fall, non-stationarity shifted towards the south, and
moved to the center of the Peninsula is occupied by stationary models.

The main conclusion from the analysis of spatio-temporal dynamics of non-stationary model
is to ensure that the time-dependent models can be used in the warm season, and are more
common in the inner parts of the Peninsula, and in the cold season temperature is usually

stationary except for the coastal areas of the south and west of the peninsula.

Examples of some non-stationary time series are shown in Figure 3.5, the graphs which it

follows that a step increase in temperature takes place since the mid-1980s.
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Figure 3.2.5 - Examples of non-stationary time series of monthly air temperatures at stations
Yemen and surrounding areas.

In general, results of time series of monthly air temperature are displayed in Table 3.2.3, from
which it follows that:

- Time-dependent models have intra-annual distribution and the largest percentage is
60% of the time series in July and August, while in the winter months non stationary
model is completely not existing;

- The most effective non-stationary model is the model of stepwise changes, which
differs from the stationary model by 15-18% (with maximum up to 30-32%), while the

efficiency of the linear trend model reaches 11-12% (with maximum 30-33%).

Table 3.2.3 - Average values Astep and area Atr (%) and the percentage of effective non-

stationary models (% n) for the average monthly air temperature in Yemen and adjacent areas.

Months
Characteristic
1 2 3 4 5 6 7 8 9 10 11 12
Astep 33142161 | 74 | 125105152 180|106 | 95 | 6.2 | 4.8
%H 431 0 |42 |174 583 (1292|583 (62534811292 116.7| O
As 12118129 | 58| 96 | 69 | 114|125 77 | 64 | 26 | 1.8
%H 0 0 |42 |13.0|41.7|250|41.750.0]26.11]20.8]| 83 0
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4. Spatial patterns of climatic characteristics in Yemen and neighboring

area

4.1. Methods for determining of spatial patterns

After in the previous chapter have been selected types of model for each time series and their
performance were researched under this study area, it is possible for spatial generalization of
climatic characteristics for practical purposes. Procedure for determining the climatic

characteristics and their generalizations on the territory consists of two main parts [140]:

- Identification of the main calculated climatic characteristics in the form of standards,
standard deviations, and quintiles of rare occurrence in the observation points;
- Construction of spatial interpolation model of climatic norms and other indicators of

climate distribution (variance, quintiles of rare occurrences).

The most common characteristic to estimated climate is climatic norm, which is defined as the
average over many years [132, 133]. If the series is stationary, then the norm and standard
deviation can be determined over a long period of observation, the longer the number, the less
random error of the mean and variance of time series [108, 134, 114]. WMO proposed to
determine the climatic norm for the last conventionally fixed period of 1961 - 1990 years. [132,
141]. In addition to the rules and standard deviations in applied climatology for construction
and other design of] practical interest climatic characteristics of rare events, which occur, for
example, 1 in 100 years or 1 in 200 years [136]. Moreover, these climatic characteristics can
be maximum (rare greatest temperature) and minimum (rare lowest temperature). These

climatic characteristics of rare repeatability are called design characteristics [112].

Determination of the design characteristics in the presence of a sufficient duration of
observations carried out by applying the analytical distribution function of annual probabilities
- curves density. In this theory, it follows that the longer the time series, the less random error

parameters and quintiles of the distribution.

Empirical annual probability density Pm of climatic characteristics determined by the formula:

P =" 100%

m 9

n+l1

(4.1)
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Where m — number of member of climate characteristics, in decreasing order; n - total number

of terms.

For smoothing and extrapolation of the empirical distribution curves of annual probabilities
three-parameter of distribution are usually used: Kritsky-Menkelya in any respect Cs/Cv and
Pearson type III distribution (binomial curve) at Cs/Cv > 2, as well as the log-normal distribution

with Cs > 3Cyv + Cy? and other distributions.

Estimates of the parameters of analytical distribution curves: long-term average O, the

coefficient of variation (Cv) and the ratio to the coefficient of variation Cs / Cv, established in
rows of observations considered climatic characteristics of the method of approximate maximum

and method of moments.

For the next step - spatial interpolation was performed in the Maplnfo GIS method of triangles
and its improved version - the method of polygons [127, 128]. The aim of the method of polygons
is that the territory on which data is averaged is divided into a number of polygons corresponding
to the number of stations located within it. Within each polygon one station is removed. As the

weights, averaging coefficients proportional to the area of corresponding polygons are used.

The next type of spatial generalization is the construction of spatial statistical models based on
the method given in [121, 122] and representing yea- relationship between the field of climate
characteristics of a given year and long-term climate field. The average long-term climatic or
field formed on the basis of historical averages climatic characteristics at each station represented
at the geographical space. This field is characterized by climatic geography of climate change on
the territory in question and is always there, but every year the boundaries and parameters vary

depending on the joint influence of climatic factors and the advection of the year.

4.2. Spatial variability of the design characteristics (mean, standard deviation,

quintiles) of monthly air temperature in Yemen and neighboring area

Climatic norm or long-term average air temperature is one of the main design climatic
characteristics. Climate normals of air temperatures were calculated for the period
recommended by WMO (1961-1990) [132] and for all the available period, including both the

observed data and reconstructed missing observations, averaging about 100 years. In addition
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to that also determined the variability of the time series, standard deviation (o) and normalized
to the average value - the coefficient of variation (Cv), as well as the calculated temperature
limits repeatability 1 in 100 years, which corresponds to 1.0% to ensure maximum and 99%
for minimum temperatures and 1 in 200 years, which corresponds to the provision of 0.5% and
99.5% [133,112], respectively, for the largest and smallest values. Example of calculation for
temperatures in January, which is the most stationary month was shown in chapter 3, is shown

in Table 4.2.1.

Table 4.2.1 - Parameters of distributions (normal and variability) and frequency of occurrence
values of 100 and 200 years for the average monthly temperature in January at the

meteorological stations in the Arabian Peninsula.

Normal Variability 1 in 100 years 1 in 200 years

Ne |Code WMO | Weight | WMO | Weight WMO Weight
WMO|Weight

Cv| 2 |Cv| o |1.0%]99%]1.0%]99%|0.5%|99.5%0.5%(99.5%

1 140356 7.1 | 7.2 |0.21{1.5]0.20{ 1.4 {10.3|3.310.73.7|10.6| 2.8 |11.1| 3.3

2 140373 | 11.5| 11.6 |0.14/1.6|0.14| 1.5|15.0| 7.3 |15.3 (7.6 |153| 6.8 |15.7| 7.2

3 140375|10.8 | 10.4 |0.19/2.0]0.20/ 2.1 |16.3|6.6 |15.5|5.7|17.1| 6.3 |16.0| 5.2

4 140394102 | 999 |0.14/1.4(0.15/1.5]13.1| 6.2 {13.1]|6.1 |13.3| 5.6 |13.4| 5.7

5140400|18.4 | 18.7 |0.1|1.8]0.11{2.0(22.9]15.2123.7(13.8|23.5| 15.0 [24.5| 13.2

6 140405|12.2| 124 |0.11]1.3]0.11|1.4|14.6|8.3 |15.5|8.6 |14.7| 7.8 |15.8| 8.1

7 140416|15.2 | 15.8 |0.1|1.5]0.1|1.6|18.5(11.7/18.9|12.5/18.9| 11.3 |19.2] 12.1

8 (40430 17.6 | 17.8 [0.081.40.08 1.4|20.1|13.4|21.1|14.3120.2| 12.8 |21.5| 13.9

9 140438 |14.0 | 14.5 |0.12/1.7(0.12| 1.7|17.3]19.4 | 18.4|10.6/17.5| 8.8 [18.8| 10.2

10 {40439 19.7| 20.2 (0.08| 1.6 [0.07| 1.4 23.0|15.5/23.5|16.5{23.2| 14.9 |23.8]| 16.1

1140580 12.5| 12.4 (0.16] 2 |0.15|1.9|16.1|6.8 16.2|7.2|16.3| 6.0 |16.5| 6.5

12 {40581 | 12.8 | 12.7 |0.19/2.4]0.16/ 2.0 |16.1{4.916.2|6.4|16.2| 3.5 |16.4| 5.5

13140582 | 12.5| 12.6 |0.13/1.6]0.12| 1.5|15.7{7.9|159|8.7|159| 7.2 |16.1| 8.2

14 140583 | 12.7 | 12.8 |0.14/1.8]0.14/ 1.8 |16.4| 7.8 |16.5|8.0|16.6| 7.1 |16.8| 7.4
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Normal Variability 1 in 100 years 1 in 200 years

Ne |Code WMO | Weight | WMO | Weight WMO Weight
WMO|Weight

Cv| 2 |Cv| o |1.0%]99%]1.0%]99%|0.5%|99.5%0.5%|99.5%

15140584 | 13.3 | 13.5 |0.14/1.8|0.11| 1.5/16.7|8.1|16.8/9.5{169| 7.4 |17.1| 9.0

1641020 23.2 | 23.1 |0.06] 1.4 |0.06| 1.4 {25.7|18.7/26.2|19.3/25.8| 18.0 [26.5| 18.8

17141036| 15.3 | 15.2 0.07| 1.1]0.09| 1.4 |18.2(13.0{18.7|12.3|18.6| 12.8 [19.2| 12.0

18141140 25.8 | 25.9 ]0.02{0.5(0.02| 0.5|27.3|24.6/27.3|24.8|27.5| 24.5 |27.5| 24.7

19141150|17.1 | 16.9 |0.08| 1.4(0.07| 1.2|19.4{12.9/19.6(13.8|19.5| 12.3 |19.8| 13.4

20141170 17.3 | 17.2 ]0.07| 1.2 {0.08| 1.4 {20.0|14.2{20.0 {13.6/20.3| 13.8 |20.2| 13.1

21(41256|22.1 | 22.0 |0.03|0.6|0.05| 1.1|23.4(19.9{24.3|18.7|23.5| 19.5 (24.4| 18.2

22141314|18.9 | 18.8 |0.07| 1.3 ]0.07| 1.3 |22.0(15.8{21.9(16.022.3| 15.4 |22.2| 15.7

23141316 22.7| 22.5 ]0.04/0.9]0.04/ 0.9 |24.6|20.6|24.8 (20.1|24.8 | 20.4 |25.0| 19.8

24141480|25.5| 25.3 |0.03/0.8]0.03{ 0.7 |27.1(23.9|27.1|23.7|27.3| 23.7 |27.3| 23.6

Cp. 16.2| 16.2 1.44 1.44/19.2112.3119.5]12.6/19.4| 11.8 |19.9| 12.1

Results in the table above shows that the rate of temperature in January in the Arabian Peninsula
vary from 7 © C in the north (40356) to almost 26 ° C on the south coast of the Red Sea and
Gulf of Aden (41140 - Jizan, 41480 - Aden), and if we consider temperature rare frequency of
occurrences in 100 and 200 years, their lowest values may be about 3 © C in the north, with the
largest - about 27.5 ° C in the south-west. The spatial distribution of norms and standard

deviation for the of air temperatures in January is shown in Figure 4.2.
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Figure 4.2.1 - Spatial variability of the parameters of the temperature distribution in January in
the Arabian Peninsula (A, B - normal temperature for a period of WMO and the entire
observation period, C, D - standard deviation for the period of the WMO and the entire

observation period).

From the analysis and comparison of the spatial distributions of the parameters shown in Figure
4.2, the following results were obtained:

- General spatial structure changes remains almost the same as in the period of the WMO
and the entire observation period and temperature norm characterizes the decrease from
south to north, and the standard deviation to the contrary - they increase from south to
north;

- For the entire period of observation the most effective, south-west area of the Arabian
Peninsula have the highest temperatures up to 25-26 °C and the lowest - 7-9 ° C in the

north-west;
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- the same way to the standard deviation on spatial maxima and minima are also more
pronounced in the compilation of data for the entire period than in a shorter period of

WMO and more consistent spatial climate laws.

The calculated values of the average January temperature of rare event at 0.3-0.5 ° C, for both
the calculated maximum and minimum obtained for the entire period of observations are
systematically more than those obtained in the period of WMO. All these features must be
considered in the preparation of the calculated climatic characteristics for construction and

other types of design.

Evaluation of the stability of climatic norms for example temperature in January is shown in
Table 4.2.2, which shows the average values for 4 consecutive 30-year time period, as well as
the total change in the rate for the entire period, the difference between the maximum and the

minimum of its value.

Results of the assessment of the stability of climatic norms for example temperature in January
are shown in Table 4.2.2, which shows that the average values for 4 consecutive 30-year time
period, as well as the total change of norms for the entire period, as the difference between the

maximum and its minimum value.

Table 4.2.2. - Climatic norms for January temperature (° C) obtained for different periods.

Station Climatic norms Changes in
code 1901-1930 1931-1960 1961-1990 1982-2011 norms
40356 6.9 7.5 7.2 7.2 0.6
40373 11.3 11.5 11.5 11.8 0.5
40375 9.9 10.1 10.8 10.7 0.9
40394 9.5 9.8 10.2 10.2 0.7
40400 18.7 18.5 18.4 19.1 0.7
40405 11.7 12.5 12.2 12.6 0.9
40416 16.1 16.2 15.2 15.2 1.0
40430 18.1 17.6 17.6 17.8 0.5
40438 15.2 14.6 13.9 14.5 1.3
40439 19.9 20.3 19.7 20.8 0.9
40580 12.0 11.9 12.5 12.9 1.0
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40581 12.6 12.5 12.8 12.5 0.3
40582 12.0 12.6 12.5 13.0 1.0
40583 12.3 12.7 12.8 13.1 0.8
40584 13.2 13.4 13.3 13.4 0.2
41020 22.6 22.9 23.2 23.1 0.6
41036 15.0 14.9 15.3 15.3 0.4
41140 26.1 25.9 25.8 25.9 0.3
41150 16.6 17.0 17.1 16.9 0.5
41170 16.7 16.6 17.3 17.4 0.7
41256 214 22.1 22.5 0.9
41314 18.6 18.8 18.7 0.2
41316 22.0 22.7 22.7 23.2 1.2
41480 24.6 25.6 25.5 25.7 1.1

The random error of the climatic norm (Omean) is given by:

-9 (4.2.1)

O-mean - \/; >

where: o —standard deviation of time series, n — observation (n=30), thus when o=1-2°C,

Omean™ 02-040C

In table 4.2.2, bright color highlights values that clearly exceed twice its average random error,
ie, changes constitute a 0.5-0.6 ° C and can therefore be considered significant. Analysis of the
results of 24 stations shows that the tendency stated above, when their changes of norms is
more random, 14 and graphs of changes of their norms are shown in Figure 4.2.2. From the
graphs it follows that changes of mean values takes place not in all stations but occurs either in
the ground or areas of high temperatures (weather station 41256 Sib, 41316 Salalah) or low
(weather station 40375 Tabuk, Hail 40394), in the coastal and north areas. We can therefore
assume that the central part of the Arabian Peninsula has a more stable rate of January

temperatures than the other areas.
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Figure 4.2.2 - Significant changes in climatic norms of January temperature at weather stations
in the Arabian Peninsula.
Similar calculations were performed for temperatures in July, the month with highest and the

least fixed temperature in the year, results are presented in Table 4.3.

Similar procedures were done for July maximum and minimum temperatures and the least

stationary month, results are shown in table 4.2.3.
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Table 4.2.3 - Parameters of normal and variability distribution and values of rare events which
occurs 1 in 100 and 200 years for average monthly temperatures in July at the meteorological

stations of the Arabian Peninsula.

Norms for the

period Variability 1 in 100 years 1 in 200 years

Ne | Code . . .
) WMO | Weights| WMO | Weights WMO Weights

WMO|Weights

Cv| o |[Cv]| o [1.0%]99%]1.0%(99%)0.5%|99.5%]0.5%99.5%
1 |40356| 28.4 | 28.4 [0.05/1.40.05|1.4{32.2|26.1/32.4|26.2132.7| 26.0 {33.0| 26.1
2 (40373| 36.1 | 36.0 ]0.02(/0.7 |0.03| 1.1 |38.3|34.6/39.1|33.9/38.5| 34.4 |39.5| 33.7
3 140375/ 30.8 | 30.8 [0.03/0.9]0.04| 1.2 {32.4]28.2133.4|28.0({32.5| 27.9 [33.7| 27.6
4 140394| 31.9 | 32.7 ]0.04/1.3/0.7|2.3]36.3|29.8{39.5|29.3137.0| 29.7 |40.5| 29.2
5 140400| 28.9 | 29.3 |0.02]| 0.6 |0.03] 0.9 {30.5|27.6/31.3|27.8|30.7 | 27.4 |31.6| 27.6
6 (40405| 34.3 | 34.3 |0.03/1.0]0.04| 1.4 |36.8|32.7{37.2|31.2|37.1| 32.5 |37.5| 30.9
7 |40416| 35.5 | 35.7 (0.02/0.7]0.02| 0.7 |37.5|33.7/37.9(33.8/37.8| 33.6 [38.1| 33.6
8 140430| 35.8 | 35.6 |0.03| 1.1]0.04| 1.4 {38.0(33.6/39.0(33.0{38.2| 33.3 |39.4| 32.8
9 140438| 35.2 | 34.8 (0.03/1.0]0.04{ 1.4 |37.1|31.7/38.9(31.6/37.2| 31.2 [39.4]| 31.3

p—
S

40439| 31.4 | 31.6 [0.03/0.9 (0.04| 1.3 |33.9(29.4|35.1|29.0/34.1| 29.2 |35.5| 28.8
40580( 36.5 | 36.8 [0.02]/0.7 (0.03| 1.1 |38.4(35.3|40.2|34.8|38.6| 35.2 |40.7| 34.6
40581 37.0 | 37.1 ]0.03|1.1]0.03|1.1{39.9|35.4/39.9|35.3|40.4| 35.3 |40.3| 35.1
40582( 37.3 | 37.4 ]0.02/0.7 (0.03| 1.1 |40.1(36.2{40.2|34.6/40.5| 36.1 |40.5| 43.3
40583| 36.6 | 36.3 [0.03] 1.1 (0.04|1.4|38.1(32.5/39.4|33.4/38.1| 31.8 {39.7| 33.0
40584 359 | 36.1 |0.03|1.1]0.03|1.1(37.7|32.7/38.8|33.2|37.8| 32.2 |39.0| 32.8
41020 32.1 | 32.0 ]0.02|0.6|0.04| 1.3 {33.7(31.0/34.5|28.8|33.9| 30.9 |34.7| 28.3
41036( 28.5 | 28.1 [0.03/0.8 (0.04|1.130.5(26.1|30.5|24.8/30.6| 25.8 |30.7| 24.3
41140 33.3 | 33.4 ]0.02/0.6]0.02/0.6 |34.8|31.1/34.7|31.1|34.9| 30.8 |34.8| 30.7
41150 34.0 | 33.7 ]0.01{0.3]0.03|1.0{35.3|33.2|/36.0|31.9|35.5| 33.2 |36.2| 31.7
41170( 354 | 35.4 (0.02]/0.7 (0.02| 0.7 |37.4|34.6/37.3|33.5/37.8| 34.6 |37.5| 33.3
41256( 27.6 | 27.6 (0.03]0.8 (0.03| 0.8 |30.0(25.5{29.6|25.2130.3| 25.3 |29.7| 24.9
41314| 29.7 | 30.1 ]0.04| 1.20.04| 1.2 |33.8|27.8|33.1|27.4|34.4| 27.7 |33.4| 27.2
41316| 26.4 | 25.8 ]0.04| 1.00.04| 1.0 |29.4 |24.4|28.1|23.0|29.8| 24.2 |28.3| 22.6
41480( 32.4 | 31.7 ]0.02]0.6 (0.03/ 0.9 |34.5(30.9|33.8|29.5/34.8| 30.8 |34.0| 29.2
cp 329 | 329 0.87 1.15135.3131.0/35.8|30.5{35.6| 30.8 |36.2| 30.5
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From the table above, the norm temperature change on the peninsula in July from 26-27 ° C at
meteorological stations 41316 (Salalah), 41170 (Doha), 40400 (Al Wajh), located on the coast
to 37°C weather station 40581 (Chuvalo) , 40582 (Kuwait), located in the desert. The spatial
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temperature gradient norm is 2 times lower than in the winter and is about 10 °C. Temperatures
of rare events, 1 in 100 and 200 years, can reach temperature of more than 40 °C. July
temperature variability ranges from 0.3 ° C in Bahrain and can reach to 1.4 ° C in the north of
the Peninsula. And for the shorter period of the WMO average on the territory, variability is
lower than 0.9 °C for the entire period of observation that is equal to 1.1 °C. Here it may be
noted that in January the natural variation of the temperature is even higher, averaging 1.4 ° C
over the period both WMO and the entire observation period. Spatial distribution norms of

temperatures in July and standard deviation are shown in Fig.4.2.3.

Overall territorial patterns of temperatures norms lie in the fact that the lowest values observed
in the south-east and north-west, and the maximum - in the central part of the peninsula, and
especially near the Persian Gulf. Natural variability the smallest in the south of the peninsula,

while the highest - in the central and northern parts.

On the average on territory of the norms for the period of the WMO and the entire observation
period are almost identical and constitute 32.9 °© C. The greatest differences at individual
stations reach 0.7 ° C in one or another direction. The temperature for the period of WMO is
higher than for the overall period mainly at the coastal stations, and below - within the
peninsula, in general, this is not a consistent pattern. Results on the evaluation of stability of

climatic norms are given in Table 4.2.4 in July.
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Figure 4.2.3 - Spatial variability of the parameters of the July temperature distribution in the

Arabian Peninsula (A, B - normal temperature for a period of WMO and the entire observation

period, C, D - standard deviation for the period of WMO and the entire observation period).

Table 4.2.4 - Climate July norms temperature (° C) obtained for different periods

_ Climatic norms Changes in
Station code
1901-1930 | 1931-1960 1961-1990 1982-2011 norms
40356 27.8 28.0 28.4 29.4 +1.6
40373 354 35.6 36.1 36.7 +1.3
40375 30.5 30.6 30.8 313 +0.8
40394 34.0 32.8 31.9 324 -1.6
40400 29.2 29.2 28.9 29.7 +0.8
40405 33.9 33.8 343 35.1 +1.3
40416 35.8 35.5 36.1 0.6
40430 33.7 34.8 35.8 36.4 +2.7
40438 33.5 33.9 35.2 36.4 +2.9
40439 31.3 31.1 314 32.8 +1.7
40580 37.0 36.6 36.5 37.3 +0.8
40581 36.5 36.9 37.0 37.9 +1.4
40582 37.2 36.6 37.7 38.7 +2.1
40583 36.1 35.7 36.6 37.1 +1.4
40584 36.6 36.3 359 35.7 -0.9
41020 31.0 32.1 32.7 +1.7
41036 274 27.6 28.5 28.8 +1.4
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. Climatic norms Changes in
Station code

1901-1930 | 1931-1960 1961-1990 1982-2011 L
41140 333 333 335 0.2
41150 33.0 335 34.0 34.5 +1.5
41170 35.1 35.0 354 36.0 +1.0
41256 27.7 27.7 27.6 27.2 -0.5
41314 30.5 30.6 29.7 29.6 -1.0
41316 25.1 25.7 26.4 26.1 +1.3

41480 31.2 31.7 324 32.6 +1.4

If we assume that the maximum random error of the mean value is about the same as in January,
the significant changes in norms of the random errors of its calculation will be nearly the same
in all weather stations and in the majority of cases July temperatures norms is rising ("'-" sign in
the Table 4.4 indicates a decrease in the norm, "+" - its magnification). And the greatest increase
innorms to 3.1 ° C occurs in the center of the peninsula and the Persian Gulf, where temperatures

are already very high.

Unlike norms, standard deviations for the entire WMO period of observation period in the
average by 0.9 ° C and 1.2 ° C (Table 4.3) that leads to a difference in the calculated temperature
of rarely occurring events of 0.3-0.6 ° C and calculated maxima for the entire period of
observation is always greater than the period of WMO and lows behave differently and differ by
only 0.3 ° C.

Similar investigations of spatial and temporal changes in climatic norms of air temperature, their
variability and calculated values of rare events were performed for other months of the year.
Figure 4.2.4 shows the spatial patterns of norms temperatures obtained for the entire observation
period for all months. The analysis of results shows that winter highest temperatures occur in
southern costal of the Arabian Peninsula, especially in the south-west. Since the spring areas of
maximum temperatures begin to shift from the southwest to the center and east of the Peninsula,
and by August - September reached the Gulf coast, and then, starting in October again shifted to

the southwest, reaching their peak in January - February.
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Figure 4.2.4 - Spatial variability average temperatures norms in the Arabian Peninsula during

the entire observation period (the number in the figure corresponds to the number of calendar
months).
Spatial-temporal analysis of natural variation found that:
- Variability of long-term fluctuations in air temperature in the cold season is smallest in
the south and the largest in the center and north, and changes in the across the country

4 times: from about 0.5 ° C to 2.0 ° C, and a little more;
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- Variability of long-term fluctuations in air temperature in the warm season also shows
the same tendency, smallest in the southwest, and the largest in the center and north,
but changes in the territory less than in winter (approximately 2 times and not 4): from
06°Ctol1.3°C.

- Between climatic normal (Tmean) and the calculated temperature of rare events which
occurs 1 in 100 years (T1%) (quantile of the distribution) for temperatures in January,

the following territorial dependence of the form% = TP: b1Tsr + b0:

All period T11% = 0.897 T1meant 4.9 R=0.99 (4.17)
WMO period T11% = 0.883 Tlmean + 4.9 R=0.99 (4.18)
All period T199% = 1.138 T Limean - 5.9 R=0.99 (4.19)
WMO period T199% = 1.171 T limean - 6.6 R=0.98 (4.20)

For the remaining months and frequency of occurrences of 1 in 100 years (P = provision of 1%
for maximum values and 99% - for a minimum) and 1 in 200 years (P = supply of 0.5% for the
maximum values, and 99.5% - for minimum), spatial coefficients bl and b0 dependency and

correlation coefficients R are given in Table 4.2.5.

Table 4.2.5 — Spatial coefficients equations to determine the climatic characteristics for

calculated temperatures in the Arabian Peninsula.

Maximum (P=1%, 0.5%) Minimum (P=99%, 99.5%)

All Period Period WMO All Period Period WMO
bl |bO| R | bl | b0 | R bl | b0 | R bl | b0 | R
1 100 |0.897|4.9{0.99|0.883| 4.9 |0.99|1.138|-59[0.99|1.172 |-6.6 | 0.98
200 [0.889|5.410.99|0.876| 5.2 098 |1.155|-6.6 |10.99 |1.195|-7.5|0.98
2 100 |0.905]| 5.5{0.96|0.840| 6.5 |0.971.096|-5.4]0.98|1.194|-7.1]0.99
200 [0.896| 6.0 {0.94]0.830| 7.0 |0.96|1.108 | -6.0 | 0.98 | 1.022 | -4.8 | 0.92
3 100 |0.799]| 7.6 {0.98 | 0.874 | 5.5 1099 |1.150| -6.2 | 0.98 | 1.158 | -6.4 | 0.99
200 [0.775|8.5]0.97|0.863| 6.0 [0.98[1.169|-6.9 |0.98 |1.178|-7.1|0.98
4 100 |0.795| 8.6 {0.95]0.713 | 10.1 | 0.88 | 1.143 | -6.9 | 0.96 | 1.093 | -5.1 | 0.96
200 [0.77219.510.94|0.661 | 11.7 | 0.82 | 1.158 | -7.6 | 0.94 | 1.090 | -5.3 | 0.95

Prob.once
in

Mon
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Maximum (P=1%, 0.5%) Minimum (P=99%, 99.5%)

All Period Period WMO All Period Period WMO
bl | b0 | R bl | b0 | R bl | b0 | R bl | b0 | R
5 100 10.994]| 3.3 {0.93]0.989|-2.510.97(0.963|-2.10.90|0.935|-1.0]0.92
200 [0.986|3.910.92|0.984| 2.8 [0.96|0.950|-2.0 |0.87|0.975|-2.6|0.91
6 100 1.074] 0.7 {093 10915 | 4.8 {0.96]0.869 | 1.3 [0.92]0.908 | 0.8 | 0.96
200 1.078] 0.9 {091 | 0.898 | 5.6 |{0.95|0.858 | 1.4 {0.91|0.880 | 1.4 | 0.94
7 100 1.036] 1.7 | 0.96 | 0.925| 4.8 {0.97]1.022 | -3.2 {0.99 | 1.003 | -2.1 | 0.97
200 1.043| 1.8 {094 0914 | 54 [0.96|1.180 | -8.4 [ 0.91|0.996 | -2.0 | 0.96
8 100 1.125-0.810.96 | 0.970 | 3.3 {0.96]0.943 | -1.2 10.94 | 1.002 | -2.4 | 0.96
200 1.148]-1.210.96 | 0.956 | 4.0 {0.94]0.945|-1.6 |0.92]0.999 | -2.5|0.95
9 100 |0.964| 4.3 {0.91]0.910| 5.0 |0.95/0.903|0.05|0.93|0.942|-0.6 |0.95
200  [0.950| 5.1 10.89]0.896| 5.6 |0.940.873| 0.7 |0.90|0.925|-0.3|0.93
10 100 10.927| 4.9 {0.91]0.949| 3.7 | 0.95|1.047|-4.4]0.87|1.097 |-5.5]0.94
200 (0.934|4.9[0.90]0.941| 4.2 |093(1.076|-5.6|0.87|1.117|-6.4]0.92
11 100 |0.894]| 5.5{0.94]0.926| 3.9 1097 |1.170| -6.7 | 0.99 | 1.307 | -10. | 0.99
200 |0.887| 6.1 0.92|0.879| 5.3 098 |1.191|-7.5|0.98|1.342|-11.|0.98
12 100 |0.817| 7.0 {0.980.852| 5.6 |0.98|1.196|-6.9|0.99|1.164 |-6.2 | 0.99
200 |0.801| 7.7 10.97]0.840| 6.2 |0.97 [1.217|-7.6|0.99|1.186|-7.0|0.99

Prob.once
in

Mon

Table 4.2.5 indicates that the spatial relationship between the mean temperature values and the
rarely events is very close and in most cases the correlation coefficients greater than 0.9.
Moreover, in the months of cold period, the correlation coefficient is above and often reaches

values of 0.99.

The resulting spatial dependence are of great practical importance for climate applications, as
in one hand they allow us to obtain estimates of climatic characteristics of rare events in the
100 and 200 years for the considered stations, and on the other hand, based on spatial
interpolation norms (Figure 4.5), and these spatial dependence using regression equation,
climatic characteristic at any point can be obtained in the Arabian Peninsula, where

observations are missing.
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4.4. Spatial variability of the design characteristics (mean, standard deviation,
quintiles) of annual temperature and parameters of seasonal function and
other characteristics (maxima and minima) on the intra-annual scale in

Yemen and nearby area.

The average annual temperature, results from chapter 3, are the most non-stationary
characteristic of the, but at the same time climatic norms calculated over a period of WMO and
the entire observation period (Table 4.3.1) are virtually identical in spatial, average values in
both cases is 25.4 °C. Between norms for the entire period of observation (Y) and the period
of WMO (X) exists linear relationship with a correlation coefficient R = 0.996 and with
coefficients bl = 0.996, i.e., hardly differs from one line or a bisector of the right angle, and b0

= (.14, i.e. almost close to 0.

Table 4.3.1 Parameters of normal and variability distributions and frequency of 100 and 200
years for the average annual temperature at the meteorological stations of the Arabian

Peninsula.

Norms Variability 1 in 100 1 in 200

WMO | Weight | WMO | Weight WMO Weight
Cv| o |Cv]| o |1.0%]99%]|1.0%99%0.5%|99.5%0.5%|99.5%
40356| 18.5 | 18.4 [0.03/0.5(0.04|/ 0.7 {19.9]16.8|20.5]16.6/20.0| 16.5 |20.7| 16.5
40373| 24.7 | 24.8 (0.03| 0.7 [0.03| 0.7 {25.9]22.6/26.5(22.9|26.0| 22.3 |26.7| 22.7
40375| 21.7 | 21.8 [0.03/ 0.6 [0.08| 1.7 {22.9(19.5|23.1|20.3|23.0| 19.8 |23.2| 20.1
40394| 21.9 | 21.9 (0.02|/ 0.4 [0.03| 0.6 {23.5|21.0/24.0{20.3|23.7| 20.9 |24.3| 20.2
40400| 24.5 | 24.7 (0.02| 0.5 (0.02| 0.5 {25.8]23.5/26.0(23.4|25.9| 23.4 |26.1| 23.3
40405| 23.6 | 23.9 (0.03/ 0.7 [0.03| 0.7 [25.2]22.2|125.8(21.9|25.4| 22.1 |26.0| 21.7
40416| 26.0 | 26.5 [0.02|/ 0.5 (0.03| 0.8 {27.5|24.7|28.4|24.8|27.7| 24.5 |28.6| 24.6
40430( 27.9 | 28.1 [0.02/0.5(0.02| 0.5 {28.9]26.2|129.7(26.2|129.0| 26.0 |29.8| 26.0
40438| 25.6 | 25.7 [0.03| 0.7 (0.04| 1.0 {27.3]23.9|28.6(23.6|27.1| 23.7 |28.9| 23.4
40439| 26.5 | 27.0 [0.02/ 0.5 (0.04| 1.1 {27.9]25.1|29.7|25.2|28.1| 25.0 |30.1| 25.0
40580( 25.3 | 25.3 [0.02/ 0.5 (0.03| 0.7 {26.6|24.0|27.1|23.7|26.8 | 23.9 |27.3| 23.6
40581| 26.0 | 25.9 (0.02|0.5(0.03| 0.7 [27.5]24.7|/27.9(24.4|127.6| 24.5 |28.2| 24.2
40582| 25.7 | 25.6 [0.02/ 0.5 (0.03| 0.8 {26.9|24.3|127.4(24.1|127.0| 24.1 |27.6| 24.0
40583| 25.7 | 25.5 [0.02/0.5(0.03| 0.7 {27.2|24.3|27.7|23.7|27.3 | 24.1 |28.0| 23.5

=

Code [WMO|Weight
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Norms Variability 1 in 100 1 in 200
No WMO | Weight | WMO | Weight WMO Weight
Code \WMO|Weight

Cv| o |Cv| o |1.0%]99%]|1.0%|99%0.5%|99.5%0.5%|99.5%
15 140584| 25.4 | 25.3 [0.02] 0.5]0.03] 0.7 |26.824.3126.9(23.6(27.0| 24.2 (27.1| 23.4
16 |41020] 28.0 | 28.2 |0.01] 0.3 0.02] 0.5{29.0|27.1{29.7|27.2{29.1| 27.0 |29.8| 27.1
17 |41036] 22.3 | 22.5 [0.02] 0.4 |0.02] 0.4 {23.4|21.3124.0|21.2{23.5| 21.1 |24.2]| 21.1
18 |41140{ 30.1 | 30.2 [0.01]0.3]0.01]{0.330.7]29.5/31.0{29.4/30.9| 29.5 [31.1| 29.4
19 |41150] 26.5 | 26.2 ]0.02] 0.5 ]0.02] 0.5 |27.8|25.5/28.0(24.9{27.9| 25.4 |28.2| 24.8
20 141170] 27.1 | 26.7 |0.02] 0.5 |0.04| 1.1 {28.2|25.8{29.3|24.3(28.3| 25.6 {29.5| 24.0
21141256| 26.3 | 26.3 |0.01] 0.3 ]0.01]{ 0.3 {27.0|25.5/27.1|25.6/27.1| 25.4 |27.2| 25.5
22 |41314] 25.7 | 25.7 |0.02] 0.5 ]0.02] 0.5 |26.8|24.7{26.9(24.3|26.9| 24.6 |27.0| 24.2
23 141316| 25.7 | 25.9 |0.01] 0.2 ]0.02| 0.5 {26.825.1/27.2|25.0{27.0| 25.0 {27.3| 25.1
24 141480] 28.9 | 28.7 |0.01]0.03|0.02| 0.6 {29.6|28.2129.9|27.8(29.6| 28.2 {30.0| 27.6
Cp. 254 | 254 0.46 0.69/26.6(24.2|127.2|23.9|26.7| 24.0 |27.4| 23.8

Between the other parameters of Table 4.3.1, for the period defined by WMO and the entire

observation period, the following territorial relationship:

o (weight)= 0.909 ¢ (WMO) +0.27 R=0.46 (4.21)
T100max (weight)= 1.03 T100max (WMO) -0.21 R=0.98 (4.22)
T100min (weight)=0.970 T100min (WMO) +0.49 R=0.99 (4.23)
T200max (weight)= 1.02 T200max (WMO) -0.20 R=0.98 (4.24)
T200min (weight)= 0.969 T200min (WMO) +0.49 R=0.99 , (4.25)

where ¢ (weight), c (WMO) — standard deviations for the entire observation period and the
period of the WMO; T100max, T100min - the calculated values of mean annual temperature
repeatedly 1 in 100 years for a maximum of (provision of 1%) and minimum (security 99%);
T200max, T200min - the calculated values of mean annual temperature repeatedly 1 in 200

years for a maximum of (provision 0.5%) and minimum (99.5% availability).
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From the analysis of regional average values for each parameter (Table 4.6) and received
regional dependencies (4.21) - (4.25), we can conclude that the standard deviation for the entire
observation period was 1.5 times more than in the period of the WMO. The calculated values
of the maxima of rare events obtained on the entire observation period by an average of 0.3-
0.4 ° C higher than those obtained for the period of WMO, at the same time lows 0.4-0.6 °C
below. This fact should be taken into account in building design and use the estimated values
of annual temperatures obtained for the entire observation period, as they give more collect

values of calculated climatic characteristics.

The spatial distribution of norms and standard deviations of the average annual temperature in
the Arabian Peninsula is shown in Fig.4.6 from which it follows that the norms temperature
distribution obtained by averaging the data for different periods do not differ and tend to
decrease from the south to the north-west. At the same time, the spatial distribution of mean-
square deviations differs significantly over. If during the period of the WMO observed at least
one significant variability in the southwest and almost homogeneous field standard deviations
of all the central and northern parts of the peninsula, over the entire period of observation field
in the northern part of the peninsula is already heterogeneous, and more homogeneous in the

southern part of the peninsula with small variation.

The calculated values of norms and variability of the basic parameters for the coefficients of

the seasonal changes in temperature are given in Table. 4.3.2.
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Figure 4.3.1 - Spatial variability parameters of the distribution of average annual temperatures

in the Arabian Peninsula (A, B - normal temperature for a period of WMO and the entire

observation period, C, D - standard deviation for the period of the WMO and the entire

observation period).

Table 4.3.2 - The rate variability parameters and function of seasonal changes in weather

stations of the Arabian Peninsula.

Bl
BO Se
mean variability
Ne Code
WMO weight normal normal z
WMO | Weight
Cv c Cv c WMO | Weight | WMO |Weight| WMO (Weightl WMO |Weight

1 40356 0.9 1.0 0.05 | 0.04 | 0.07 | 0.07 | -0.01 | -0.07 0.7 1.4 1.18 1.18 | 0.27 0.3
2 40373 0.9 0.9 0.06 | 0.05 | 0.06 | 0.05 0.2 -0.04 1.4 1.4 1.2 1.2 0.3 0.3
3 40375 0.9 1.0 0.05 | 0.04 | 0.1 0.1 0.2 -0.09 1.1 1.7 0.99 1.2 0.26 0.4
4 40394 1.0 0.9 0.06 | 0.06 | 0.06 | 0.05 0.5 0.05 1.3 1.3 1.1 1.1 0.3 0.3
5 40400 1.0 1.0 0.07 | 0.07 | 0.1 0.1 -04 | 0.003 2.0 2.5 0.81 0.88 0.3 0.32
6 40405 1.0 1.0 0.06 | 0.06 | 0.06 | 0.06 | -0.14 | -0.08 1.7 1.8 1.1 1.2 0.3 0.4
7 40416 0.9 0.9 0.06 | 0.05| 005 | 04 | -036 | -0.22 | 2.0 1.7 0.8 1.0 0.2 0.4
8 40430 1.0 0.9 0.06 | 0.06 | 0.07 | 0.06 | -0.04 | -0.14 0.2 22 0.8 1.0 0.2 0.3
9 40438 1.0 1.0 0.06 | 0.06 | 0.8 | 0.08 | -0.74 | -0.35 1.8 2.0 1.0 1.1 0.3 0.33
10 | 40439 0.9 0.9 0.09 | 0.08 | 0.1 | 0.09 [ -0.11 0.12 2.5 34 0.8 0.9 0.2 0.3
11 | 40580 0.9 1.0 0.05 | 0.04 | 0.05 | 0.05 | 034 0.01 1.7 1.3 1.0 1.0 0.3 0.3
12 | 40581 1.0 0.9 0.06 | 0.06 | 0.06 | 0.05 | 0.04 0.03 1.8 1.7 1.0 1.1 0.44 | 033
13 | 40582 1.0 1.0 0.05 | 0.05 | 0.05 | 0.05 | 0.03 0.04 1.4 1.2 0.9 0.9 0.27 0.3
14 | 40583 1.0 1.0 0.05 | 0.05 | 0.06 | 0.06 | -0.17 | -0.03 1.8 1.7 1.2 1.2 0.4 0.4
15 | 40584 0.9 1.0 0.06 | 0.05 | 0.06 | 0.06 | 0.05 | 0.005 1.8 1.8 0.9 1.1 027 | 033
16 | 41020 0.9 1.0 0.1 | 009 | 0.1 0.1 0.7 0.005 3.0 2.6 0.7 0.9 0.3 0.4
17 | 41036 1.0 1.0 0.05 | 0.05 | 0.06 | 0.06 | -0.08 | -0.02 1.2 1.8 0.8 0.9 0.2 0.4
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Bl
BO Se
mean variability

Ne Code

WMO weight normal c normal )

WMO | Weight
Cv o Cv o WMO | Weight | WMO |Weight| WMO |Weight| WMO |Weight
18 | 41140 1.0 1.0 0.06 | 0.06 | 0.07 | 0.07 | -0.23 | -0.01 2.0 2.1 0.5 0.5 0.2 0.2
19 | 41150 1.0 1.0 0.06 | 0.06 | 0.06 | 0.06 | 0.06 -0.04 1.9 1.5 0.7 0.6 0.3 0.2
20 | 41170 0.9 0.9 0.06 | 0.05 | 0.06 | 0.05 0.4 0.07 1.5 1.6 0.7 0.9 0.2 0.3
21 | 41256 1.0 1.0 0.08 | 0.08 | 0.1 0.1 -0.49 | -0.04 2.4 32 0.5 0.6 0.2 0.2
22 | 41314 1.0 0.9 0.1 0.1 0.1 0.09 | -0.21 | -0.01 2.6 4.2 1.0 0.9 0.3 0.3
23 | 41316 1.0 1.0 0.1 0.1 0.1 0.1 -0.25 | 0.007 32 2.7 0.6 0.6 0.2 0.2
24 | 41480 1.0 1.0 0.05 | 0.05 | 0.08 [ 0.08 | -1.22 | -0.04 1.7 2.3 0.6 0.4 0.2 0.1
Mean. 1.0 1.0 0.1 0.1 0.1 0.1 -0.08 | -0.04 1.8 2.0 0.9 0.9 0.3 0.3

From table 4.3.2, it can be seen that the mean values of the spatial coefficients B1 are equal to
1, i.e. are both stationary in time and unbiased. Spatial average coefficient values B0 have slight
negative bias to the time and area in two different cases, at the same time the parameter Se is

stationary over time and equal to the average 0.9 ° C.

Spatial distribution of coefficients B1, BO and Se parameter in Figure 4.3.2, for the entire
observation period. The figure shows that the spatial distribution of B1 and B0 are practically
homogeneous, and some of their local minimum occurs for B1 in the north, in the Gulf and in
the south, and the coefficient BO - in the central part of the peninsula. Distribution parameter
Se has spatial patterns of growth from the south to the north of the peninsula, ie intensity macro
synoptic processes in the north and center of the peninsula, which correspond to the continental

climate, more than in the south and in coastal areas.

Figure 4.3.2- Spatial variability of coefficients intra-annual fluctuations norms, where A - the
coefficient B1, B - coefficient BO, B - Se parameter for the entire observation period.

Between the parameters of the distribution, the following territorial relationship:
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Se mean (weight)= 0.987 Semean (BMO) +0.07 R=0.89 (4.26)
Se mean (weight)= 0.267 o s (weight) +0.055 R=0.80 (4.27)
Se cp (WMO)= 0.202 6 se (WMO) +0.092 R=0.66 (4.28)

Where Se - average value Se, ¢ Se - standard deviation parameter Se.

Formula (4.26) - (4.28) shows that the norms of Se parameter for the entire period and the
period of the WMO are closely related and have standards displacement and also exist a linear
relationship between norms and standard deviation, but for the entire observation period, this

dependence is more effective than in the period WMO.

4.5. Spatial variability of the design characteristics (mean, standard deviation,
quintiles) of precipitation (monthly, seasonal, annual Yemen and

neighboring area.

In accordance with the findings in chapter 3, rainfall is almost stationary climatic
characteristics and therefore it’s better to determine the climatic norm and quantile probability
distribution of rare events through the ranks given to the long-term time series. Example of

calculation of parameters and quantiles for precipitation in January is shown in Table 4.4.1.

Table 4.4.1. - Parameters of normal and variability distributions and rare events in 100 and 200

years for precipitation in January at the meteorological stations in the Arabian Peninsula.

Norms Variability 1 in 100 years 1 in 200 years

Ne | Code WMO |Weight] WMO | Weight WMO Weight
WMO|Weight

Cv| Z |Cv| o [1.0%]99%|1.0%]99%|0.5%99.5%|0.5%99.5%

1 (40375 49 | 89 |1.2/59(1.0/89|26.2| 0 [42.9]|0.0(30.6] 0 [49.9| 0.0

2 140400 2.7 | 53 |[1.8/4.9|1.5/7.9(23.6| 0 |383]|0.0(28.8] 0 |457| 0.0

3 [40416| 11.4 | 31.3 |1.2{13.7|1.134.4|64.7| O |153| O |76.1| O |177| O

4 140430 10.2 | 13.9 |1.6|16.3|1.2{16.7{74.8| 0 |78.6| 0 [89.5| O [923| O
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Norms Variability 1 in 100 years 1 in 200 years

Ne | Code WMO |Weight|] WMO | Weight WMO Weight
WMO|Weight

Cv| 2 |Cv| o [1.0%]99%|1.0%]99%|0.5%99.5%|0.5%99.5%

5 [40438| 18.3 | 20.5 |1.4/25.6/1.0/20.5{86.9| O (93.1| O | 120 O |106| O

6 [40439| 14.1 | 16.6 (1.2{17.0]1.1{18.3/83.2|0.5|86.1{2.2|89.4| 0.5 | 101 | 2.1

7 |40582| 26.4 | 33.0 |0.7/18.5|0.7|23.1|79.6| 0 |130(11.9/87.4] 0 |150 | 11.8

8 141024 | 153 | 25.5 |1.5]22.9{1.3|133.1/ 108 | O |157| O [ 129 O |186| O

9 |[41114| 149 | 22.7 |1.2{17.8]1.0{22.7/83.8| 0 |112|1.8|98.6] O |131| 1.8

10 (41140| 17.3 | 28.5 |1.3122.5{1.2|134.2/ 109 | 1.0| 167 |49 |130| 1.0 | 198 | 4.9

11 (41150| 17.9 | 17.3 |1.3]23.3]1.3|122.5/ 111 | O | 104| O |132| O |123| O

12 (41168 | 11.8 | 25.2 |1.7]20.0{1.2|130.2/196.5| 0 |142| O |117| O |168| O

13 |41256| 19.1 | 24.5 |1.3|124.8/1.2]29.4{ 117 | O [140| O 139 O |1l64| O

14 |41258| 34.8 | 753 |1.1|38.2|1.1|82.8{ 177 | O [379| 0 (206 O [441| O

15 |41268| 35.0 | 37.9 [1.5|52.5|1.5|56.8/252| O 288 2.1 301 O |348| 2.1

16 |41314| 1.2 1.9 |1.2/1.41.7|]32]66| 0 [17.0/05|7.7| 0 |21.6| 0.5

17 |41316| 0.7 1.2 |3.2)/2.22.2|2.6|11.1| O [134] 0 (145 O [169| O

18 |41443| 94 | 7.5 |0.5/4.7|0.6/4.322.0{ 0 [19.8] 0 (235 O |21.5| O

19 [41466| 7.1 5.8 |1.2185(1.3]/7.5|40.0] 0 [344| 0 (467 0 (404 O

20 41467 50 | 6.9 |1.7/8.5(1.2/83|40.7| 0 [39.6] 0 {490 O [463| O

21 |41468| 11.6 | 17.3 |1.4{16.2{1.5126.0/77.5| 0 |130| O {922 O |157| O

22 |41469| 24.7 | 30.4 |1.2{29.6/1.2136.4/ 136| 0 | 16719160 O |197| 1.8

23 |41470| 12.2 | 26.1 |1.923.1{1.436.5/ 113 0.1 |177| O |139| 0.1 |211| O

24 41471 99 | 129 |2.120.7|1.3|16.7| 101 |0.03|79.6| O | 126 | 0.03 {939 O

25 |41472| 10.1 | 154 |0.8/8.0(1.0/15.4/40.0| 0 |74.1]2.6 |45.1| O [86.7| 2.6

26 |41474| 6.6 | 14.6 [1.0/6.6|0.8/11.7{29.9| 0 (57.5] 0 |34.0] 0 (649 O
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Norms Variability 1 in 100 years 1 in 200 years
Ne | Code WMO |Weight|] WMO | Weight WMO Weight
WMO|Weight
Cv| Z |Cv| o [1.0%]99%|1.0%]|99%|0.5%|99.5%|0.5%|99.5%
27 |41476| 15.5 | 18.8 |1.421.7(1.1]120.6/99.0| 0 |99.4 (1.2 |118| O |117] 1.2
28 (41478 | 21.3 | 34.2 |1.225.5(0.9]31.0{ 110 | O |122|0.1|126| O |132]| 0.1
29 |41479| 4.4 | 104 |2.410.5/1.6{16.6/52.7| 0 |79.5| 0 |67.1| O |95.1| O
30 |41480| 10.4 | 8.2 |1.2{12.5/1.4{11.5/57.8|0.6 |54.1| 0 |68.2| 0.6 |64.5| O
31 |41485| 42 | 7.2 10.7/29(1.1{7.9]12.7| 0 |45.1|4.4|13.8| 0 |57.3| 4.4
32 |42801|26.4 | 31.1 |0.7|18.4/0.5{15.5/79.5| 0 |75.3| 0 |87.3| O |81.1| O
33 |40250| 13.5 | 14.5 |0.9(12.1/0.8|{11.6|55.4| 0 |54.7| 0 |62.8| 0 |61.7| O
34 140310| 7.1 | 109 |1.2/8.5/0.9{9.839.1|0.6|42.9| 0 |46.0| 0.3 |48.6| O
35 140608 | 63.5 | 74.3 |0.6|38.1/0.6|44.6| 181 | 3.6 | 243 |24.1| 199 | 0.8 | 275 | 23.8
36 |40621| 68.0 | 81.5 |1.0/68.0/0.8]65.2] 355 |21.4| 349 |28.6| 419 | 21.4 | 408 | 28.6
37 |40642| 20.1 | 19.5 ]0.6/12.1/0.7|13.6/56.3| 0 |60.4| 0 |61.5 O |66.8| 0O
38 |40650| 28.3 | 28.2 |0.6/17.0/0.7{19.7|76.7| 3.5 |96.8| 0 |84.3| 2.4 |108| O
Mean 16.7 | 22.6 |1.3]18.5/1.1|23.0/86.5/0.8 | 112 2.3 |102| 0.7 |130| 2.2

From the table it can be noted that the average rainfall across the Peninsula for the entire

observation period longer than the period of WMO, as well as standard deviations and

quantiles, probabilities 1% and 0.5%. At the same time 99% quantile probability and 99.5%

obtained for the entire observation period is higher than for the period of WMO. The following

spatial relationship between parameters and quantiles for the period of WMO and for the entire

period of observations:

P mean (we1ght)= 1.194P mean(BMO) +2.8 R=0.92

o (weight)=1.1136 (WMO) +2.6 R=0.88

P 1% (weight)= 1.135P 1(WMO) +13.4 R=0.90

(4.29)

(4.30)

(4.31)
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P.os% (weight)= 1.123P 0.5%(WMO) +16.1 R=0.89 (4.32)

Where: P mean, P 1%, P 0.5% - rainfall and maximum rainfall probability of 1 in 100 and 200 years.

Formula (4.29) - (4.32) are important for practical, because they allow the determination of the
parameters and calculated of climatic characteristics of precipitation in the WMO long-term
period. Effective spatial relationship between the minimum rainfall for the entire period and
the period of WMO cannot be computed because more than half of the minimum estimated

rainfall weather stations have 0 mm and the rest as high as 20-30 mm.

Thus, normal precipitation significantly vary in area: almost 1 mm to 70-80 mm. Spatial

distribution of rainfall norms and standard deviations are shown in January Fig.4.4.1.
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Figure 4.4.1 - Spatial distribution of January rainfall norms and standard deviations in the
Arabian Peninsula (A, B - rainfall during the period of the WMO and the entire observation
period, C, D - standard deviation for the period of the WMO and the entire observation period).

From the figure above, January rainfall and their standard deviations have a tendency to
increase from south to north. This trend is more vivid for the parameters obtained for the period

of WMO and for the entire period of observation depict maximum near the Persian Gulf.

Another example of determining climatic characteristics is given in Tabl.4.4.2 for August,

which is the month with the highest precipitation in the year for the Arabian Peninsula.

Table 4.4.2 - Parameters of norms and variability distributions and probability of once in 100
and 200 years for precipitation in August at the meteorological stations in the Arabian

Peninsula.

Norms Variability 1 in 100 years 1 in 200 years

Station : : -
Ne WMO | Weight| WMO | Weight WMO Weight

name 'WMO|Weight

Cv| o |Cv| o [1.0%]99%)|1.0%(99%|0.5%99.5%|0.5%|99.5%

1 (40394| 04 | 06 |23/09(23|14(48| 0 68| 0 |61 | 0 |87 O

2 141024 39 | 25 |2.6/(10.1{3.0/7.5|50.1| O |382]| O [644| 0 (499 O

3 (41114| 419 | 49.8 [0.6(25.1]0.6]29.8| 129 | 3.2 | 142 5.6 143 | 1.9 | 157 | 3.8

4 141258| 89 | 31.8 |3.5|31.1|{1.4|44.5/158| 0 [205| O [206| O [242| O

5 |41268| 4.5 | 5.2 [2.3(10.3(2.4(12.5/59.21 0 (62.3| 0 |76.0f O |79.6] O

6 (41314 84 | 16.7 [1.5]12.6/1.4|23.4/61.3|0.1 | 111 O [73.6| 0.1 [132| O

7 (41316| 24.4 | 26.7 |0.6(14.6/0.5(13.3|69.1|5.8 169.7|4.7 |76.7| 5.3 |76.4| 3.7

8 |41443| 39 | 43 (05(19(0.7/3.0{94 | 0 (151 0 |10.2] O |169| O

9 |41466| 74.4 | 72.4 10.4|30.0{0.4|29.0| 171 |13.2| 162 |12.0{ 185 | 9.5 | 174 | 7.7

10 {41467 | 48.8 | 59.0 [0.9(43.9{0.741.3/ 186 | O [201| O |208| O |223| O

11 |41468| 25.8 | 41.1 [1.0|25.8{0.9(37.0{ 117 | O |176| O |134| O |201| O
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Norms Variability 1 in 100 years 1 in 200 years

Station : : :
Ne WMO | Weight| WMO | Weight WMO Weight

name 'WMO|Weight

Cv| o |Cv| o [1.0%]99%)|1.0%(99%|0.5%99.5%|0.5%|99.5%

12 {41469 12.4 | 21.6 [1.0(12.4{0.8(17.3|56.4| 0 [82.8| 0 |64.5] O |93.6] O

13 41470 157 | 172 0.3 |47.1{0.3|51.6| 266 [55.6| 337 |82.1| 277 | 45.2 | 362 | 77.6

14 41471 168 | 173 10.9/0.8 (138|151 | 835 [49.3| 769 |76.6| 986 | 49.2 | 903 | 76.5

15 41472 271 | 270 [0.5(135[{0.5|135| 755 (70.7{ 711 |60.1| 873 | 65.4 | 782 | 51.8

16 (41473 | 265 | 343 [0.7(185(0.5{171|917 | 105|901 |10.1|{1050{ 105 [979| O

17 41475 94.3 | 99.5 [0.6(56.5/0.5| 50 | 310 (44.3| 270 |42.0| 356 | 44.4 | 300 | 41.3

18 |41476| 65.9 | 81.2 [0.4(26.4{0.4|32.5/ 129 | 0 |162 148/ 135| O |172| 8.8

19 (41477 187 | 235 ]0.5(93.5{0.5|117[449| 0 | 544 |26.9/484 | 0 |587| 119

20 |41478| 122 | 162 [0.5]| 61 |0.5] 81 | 287 |11.1| 401 30.4| 310 | 3.1 |437| 23.9

21 |41479| 119 | 136 [0.5|59.5/0.5] 68 | 268 | 0 |364 |19.7|/284| 0 |400 | 14.2

22 41480 46 | 24 (09|4.1(1.7(4.1|164| 0 |189| 0 |181| O (227 O

23 41482 7.1 8.6 [0.8/5.7]0.7/6.0|253| 0 [29.8|23|283| 0 [33.9] 2.3

24 41483 | 83.2 | 111 [0.8(66.5/0.6(66.6/294 | 0 |[287| 0 [329| O |311| O

25 41484 | 24.6 | 28.2 [0.6(15.0{0.6(17.0(67.3| 0 |75.4|24]729| 0 [82.6] 1.1

26 |41485| 9.6 | 173 |1.0[/9.60.8(13.8/41.6] 0 {609 O (468 O |86.3| O

Mean 70.6 | 83.4 |1.0(37.9|6.2|47.1| 220 |13.7| 238 |14.9| 250 | 12.6 | 266 | 12.4

From the table, the average rainfall across the Peninsula for the entire observation period is
longer than the period of WMO, as well as standard deviations and quantiles, Probability of
1% and 0.5%, as in January. Received results of spatial dependence between parameters and

quantiles for the period of WMO and for the entire period of observations:

P mean (Welght): 1.131P mean(WMO) +3.6 R=0.99 (433)

c (weight)= 0.860c (WMO) +14.5 R=0.79 (4.34)
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P 10 (weight)= 0.954P 12(WMO) +28.2 R=0.99 (4.35)

P o.5% (weight)= 0.913P 0.5%(WMO) +37.7 R=0.98 (4.36)

Figure 4.4.2 - Spatial distribution of norms and standard deviations of rainfall in August in the
Arabian Peninsula, according to the data obtained for the long-term period (left figure — rainfall

norms, right - standard deviation).

From spatial distributions rainfall is insignificant in the whole Peninsula, and all maximum are
concentrated in the south-west. In general, rainfall is very unevenly distributed throughout the

Peninsula and seasonal.

General information about the spatio-temporal rainfall variability, table 4.4.3. Results indicate
that the average rainfall norms and their spatial monthly maximum have some annual variation
with maxima in July - August and lows in December - January. At the same time the minimum

monthly precipitation in the territory depict changes in the year, from 0.1 mm to 7.4 mm.
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Table 4.4.3 - Spatial average rainfall norms by month in the Arabian Peninsula.

Month
1 2 3 4 5 6 | 7 8 9 | 10 | 11 | 12
Weight Mean 22.8(26.2|38.3| 44.6 {37.7|26.9|50.5|83.5|23.6(27.6|35.7|27.8
Max 81.5(93.2(89.4|168.8| 162 | 120 | 203 | 343 | 169 | 123 | 93 |65.5

Period |Characteristics

Min. 12122135119 |1 [01]01]06(0.1|04|1.0]45
WMO Mean. 16.7(23.4|27.6| 38.1 |28.6]22.542.9|70.618.2|21.5(23.5(20.7
Max. 68 [80.4(71.1| 168 | 115|132 169|271 | 141 |73.3|70.1| 63
Min. 07(20(25,28 ({02/02]01|04(01(1226]74

In general, the spatial distribution of precipitation analysis parameters (norms and standard
deviation), and the following main conclusions:

- Precipitation remains practically stable;

- In the sediments of these distinct spatial relationships, as in the air temperature is not
observed, although there is a tendency that the coastal, especially over the mountains
parts of the Peninsula have more precipitation than in the interior;

- Variability of rainfall is greater, the greatest absolute values of precipitation in the cold
period varies from 1-2 mm in the southwest to 20-40 mm in the interior and northern
parts of the Peninsula, and in the warm period, from 0.1 mm in the central part to 20-

40 mm in the southwest.

4.6. Spatial statistical models of air temperature and precipitation and regular

properties of their coefficients over the time.

Table 4.5.1 shows the results of evaluating the effectiveness of time series models to
approximate the derived parameters of spatial models Alj, AOj and SEj obtained from the
dependence of (4.15) for the territory of the Arabian Peninsula, where: Atr, Actup - relative
deviations or variations (%) trend model and model step changes in the model of a stationary
sampling; Ftp, Fst - Statistics Fisher criterion to assess the statistical significance of differences
from the stationary model Fst - Year of step changes, defined by a minimum of residual
variances of the two parts of the time series, Tin., T. - Start and end years of observations, n-

observation period (in years), R - correlation coefficient equation linear trend.
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Moreover, spatial modeling was carried out for different periods: the entire observation period
and the recovered data, revised from excluding non-uniform reconstructed values and the last
50 years, including 1960 -2011. In Tabl.4.12 results of modeling for the last 50-year period.

In addition to the monthly average temperatures are modeled as the average temperature
(Tyear) and the parameters of the model intra-oscillations (B1, B0, Se), prepared according to
the method [120, 121]. Bright color in Tabl.4.5.1 allocated efficient statistical model which
unlike fixed at 10% or more, as well as statistically significant estimated values of the test

statistic Fisher and correlation coefficients of the linear trend.

Table 4.5.1 - The characteristics of time series models for the parameters of spatial models of

air temperature on the Arabian Peninsula for the period 1960-2011.

Month | Atr,% | Ast,% Ftr Fst Tst Tin Tfin n R
Al

1 1.6 7.2 1.03 1.16 1972 1960 | 2011 52 0.18
2 0.6 4.9 1.01 1.11 1980 1960 | 2011 52 0.11
3 0 6.7 1 1.15 2001 1960 | 2011 51 -0.01
4 2.9 6.5 1.06 1.14 1972 1960 | 2011 52 -0.24
5 0.5 2.6 1.01 1.05 2000 1960 | 2010 51 0.1
6 10 124 1.23 1.3 1994 1960 | 2010 51 0.44
7 17.1 15.2 1.46 1.39 1980 1960 | 2010 51 0.56
8 13.9 254 1.35 1.8 1996 1960 | 2010 51 0.51
9 0.6 24 1.01 1.05 1997 1960 | 2010 51 0.11
10 2.7 4.7 1.06 1.1 1991 1960 | 2010 51 -0.23
11 0.7 2.6 1.01 1.05 1971 1960 | 2010 51 0.12
12 1.2 53 1.02 1.11 1970 1960 | 2010 51 0.16

Trox 0.4 5.5 1.01 1.12 1938 1928 | 2011 84 -0.09
B1 2.2 52 1.05 1.11 1951 1906 | 2011 100 -0.21
BO 0.7 54 1.01 1.12 2001 1941 2011 70 -0.12

Se 1.3 2.5 1.03 1.05 1972 1938 | 2011 70 -0.16
A0

1 0.3 4.2 1.01 1.09 1972 1960 | 2011 52 -0.08

2 0 2.6 1 1.05 1999 1960 | 2011 52 -0.01

3 0.3 8.4 1.01 1.19 2001 1960 | 2011 51 0.07
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Month | Atr,% | Ast,% Ftr Fst Tst Tin Tfin n R
4 5.8 8.8 1.13 1.2 1972 1960 | 2011 52 0.34
5 0.6 3.4 1.01 1.07 1988 1960 | 2010 51 0.11
6 5.6 7.4 1.12 1.17 1996 1960 | 2010 51 -0.33
7 12.8 12 1.31 1.29 1980 1960 | 2010 51 -0.49
8 8.2 17.9 1.19 1.48 1996 1960 | 2010 51 -0.4
9 0.1 2.1 1 1.04 1979 1960 | 2010 51 0.04
10 7 8.8 1.16 1.2 1991 1960 | 2010 51 0.37
11 0 1.4 1 1.03 1971 1960 | 2010 51 0.01
12 0 2 1 1.04 1970 1960 | 2010 51 0

Tron 7.5 10.7 1.17 1.26 1998 1944 | 2010 64 0.38
B1 1.8 5.6 1.04 1.12 1963 1934 | 2010 73 -0.19

BO 0.2 3.5 1 1.07 1948 1934 | 2010 74 -0.06
Se 2.1 5.9 1.04 1.13 1993 1942 | 2010 69 -0.2
ASe
1 0.5 3 1.01 1.06 1970 1960 | 2011 52 -0.1
2 0.1 1.7 1 1.04 2001 1960 | 2011 52 0.04
3 1.6 7.1 1.03 1.16 2000 1960 | 2011 51 0.18
4 0 3.1 1 1.06 1999 1960 | 2011 52 0
5 1.1 8.9 1.02 1.2 1999 1960 | 2010 51 0.15
6 1.9 10.4 1.04 1.25 1998 1960 | 2010 51 0.19
7 3.8 5.7 1.08 1.13 1996 1960 | 2010 51 0.27
8 2.1 6.2 1.04 1.14 1995 1960 | 2010 51 0.2
9 24 5.7 1.05 1.12 1999 1960 | 2010 51 0.22
10 5.6 8.5 1.12 1.19 1972 1960 | 2010 51 -0.33
11 2.5 1 1.05 2000 1960 | 2010 51 0
12 0.9 1 1.02 1970 1960 | 2010 51 0.01

Tron 0.6 6.2 1.01 1.14 1963 1944 | 2010 64 -0.11
B1 6.5 14.1 1.14 1.35 1963 1934 | 2010 73 -0.36
B0 7.1 13.1 1.16 1.32 1963 1934 | 2010 74 -0.37
Se 5.1 13 1.11 1.32 1966 1942 | 2010 69 -0.32

From the table 4.5.1 follows that non-stationary in the parameters of spatial models takes place
in the summer months and sometimes it affects the unsteadiness of average temperatures for

the parameter A0 and the model coefficients for intra-oscillation parameters ASe. The
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chronological time series of parameters of spatial model for the summer months, temperatures
are shown in Fig.4.10 non-stationary parameters Al to summer temperatures due to its step-
increase in the early 1990s, which is especially evident for June and August to July is more in
the nature around a linear trend 1980 and a significant increase in recent years. Therefore, we
can assume that for the summer months in recent years, the spatial gradient of the temperature
field became more. Same parameter AQ for July, which characterizes the average regional
temperature, on the contrary decreased since the early 1980s, and especially its decrease took
place in 2008-2010., And for June and August, he stepwise decreased in the mid-1990s.
Decrease in the average regional temperature in the summer months at the same time it is
compensated by an increase in April and October, which is practically little impact on the
average temperature, which has a stepped growth but often at Ast =10.7%. The most significant
non-stationary occur in the parameters of the internal field in homogeneity ASe for June, which
is growing (Fig.4.10), but at the same time for the coefficients of intra-annual fluctuations
unsteadiness associated with their decrease, which indicates the formation of a homogeneous

field in recent years (Table .4.12).

Here it should be noted that if we construct a spatial model for the entire period of observation,
including the recovered data, the number of non-stationary time series of parameters will be
substantially higher due to individual extreme recovered data having a large error. If we
consider the whole period, but with the adjustments, ie exclusion extreme recovered with
substantial errors, the results of the evaluation of stationary parameter are almost the same as

in the last period of Tabl.4.5.1 observations.

Spatial statistical models were constructed for precipitation of each month and the results of
evaluation of the stationary parameters A1, A0 and Ase are given in table.4.13 for the last 50-

year period.

Table 4.5.2 - The characteristics of time series models for the spatial patterns of precipitation

parameters on the Arabian Peninsula for the period 1960-2011.

Month | Atr,% | Ast,% Ftr Fst Tst Tin Tfin n R
Al
1 0.8 6 1.02 1.13 1994 1960 | 2005 45 0.12
2 114 19 1.27 1.52 1975 1961 2010 38 -0.46
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Month | Atr,% | Ast,% Ftr Fst Tst Tin Tfin n R
3 0.1 2 1 1.04 1992 1960 | 2011 48 -0.05
4 0 3.4 1 1.07 1995 1960 | 2010 50 0.03
5 29 10.2 1.06 1.24 1997 1960 | 2010 49 0.24
6 0.2 0.9 1 1.02 1978 1960 1999 34 0.06
7 4.2 1 1.09 1973 1960 | 2003 39 -0.02
8 2.9 1 1.06 1995 1960 | 2010 46 0.02
9 1.8 7.4 1.04 1.17 1973 1960 1999 32 -0.19
10 7.1 10.5 1.16 1.25 1976 1960 | 2009 46 0.37
11 53 14 1.12 1.35 1970 1960 | 2009 48 -0.32
12 4.1 6.8 1.09 1.15 1993 1960 | 2009 45 0.28

A0
1 0.8 4.2 1.02 1.09 1994 1960 | 2005 45 -0.12
2 10.5 19.3 1.25 1.54 1975 1961 2010 38 0.45
3 1 4.5 1.02 1.1 1992 1960 | 2011 48 0.14
4 4.6 12.6 1.1 1.31 1995 1960 | 2010 50 -0.3
5 2.6 6.9 1.05 1.15 1986 1960 | 2010 49 -0.23
6 1.6 1.3 1.03 1.03 1982 1960 1999 34 -0.18
7 0.6 3.2 1.01 1.07 1971 1960 | 2003 39 -0.11
8 0.1 1.7 1 1.04 1989 1960 | 2010 46 0.04
9 0.1 5.7 1 1.12 1971 1960 1999 32 0.05
10 0.1 1.2 1 1.02 1977 1960 | 2009 46 -0.05
11 4.4 7.8 1.09 1.18 1970 1960 | 2009 48 0.29
12 1.4 2 1.03 1.04 1976 1960 | 2009 45 -0.16
ASe
1 0.6 4.4 1.01 1.09 1985 1960 | 2003 44 -0.11
2 1.8 3.6 1.04 1.08 1981 1961 2010 38 -0.19
3 0.4 1.2 1.01 1.03 1985 1960 | 2011 48 0.09
4 4 3.6 1.09 1.08 1984 1960 | 2010 50 -0.28
5 0.8 3.6 1.02 1.08 1991 1960 | 2010 49 -0.13
6 0.2 0.6 1 1.01 1978 1929 1999 35 0.07
7 0.2 1.6 1 1.03 1973 1960 | 2003 39 -0.06
8 0.2 3.5 1 1.07 1995 1960 | 2010 46 0.06
9 2.1 5.6 1.04 1.12 1982 1960 1999 32 -0.2
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Month | Atr,% | Ast,% Ftr Fst Tst Tin Tfin n R
10 2.9 6.2 1.06 1.14 1977 1960 | 2009 46 0.24
11 2.5 6 1.05 1.13 1980 1960 | 2009 48 -0.22
12 0.4 3.5 1.01 1.07 1971 1960 | 2009 45 -0.09

From the results table 4.5/2 follows that the non-stationary spatial gradient of precipitation
(parameter A1) takes place mainly in February and November and rainfall field during these
months is more uniform. The most significant increase in the value of A0 is in February and in
April; it was not as significant as stepwise decrease in the 1980s. Time series parameter ASe,
associated with the heterogeneity of the precipitation field, are stationary.

Summary and conclusions:

- Inaddition to confirming the known patterns of climate, which in the Arabian Peninsula
in winter warmer coastal areas and in the summer - the inner desert, obtained numerical
values of the spatial gradient norm temperature up to 20 ° C in winter and up to 10 ° C
in summer; found that the variability of long-term temperature fluctuations lowest in
the south and southeast, and the highest - in the north and in the center; climate norms
temperature stable for about half of the stations, although the direction of growth of the
norms is the case for a small number of stations, mainly in summer;

- Slightly more precipitation in coastal, especially hilly and mountainous parts of the
peninsula than inland; the territory they change during the cold period of 2 mm in the
coastal areas of the south and west to 30 mm, and even up to 70 mm in the northeast,
and in the warm, on the contrary, from 0.1 - 1 mm in the north and central parts 60-70
mm in the south-western coastal areas; precipitation variability depends on the
magnitude and up to 50% of the norm, while the rules themselves remain practically
stable precipitation;

- The analysis of stability parameters of spatial statistical models of temperature and
precipitation suggests that they practically do not change over time except for the
growth of the spatial gradient of the temperature field and reduce their average regional

values in the summer months.
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CONCLUSION

Results of the implementation of regional climate research for Yemen and around the Arabian

Peninsula, the following main scientific and practical results have been achieved.

1. Aregional database that includes long-term time series of observations of mean monthly
air temperature at 188 meteorological stations, 36 meteorological stations- Arabian
Peninsula and adjacent territories and for the monthly rainfall data at 310 weather stations
(43 in the Arabian Peninsula) with a mean observation period of 45-50 (20% of the period
of observation stations are over 70 years) with the inclusion of the last years of

observation (2011-2012.) about 20% of the stations.

2. The analysis of the quality and consistency of information in the regional database on the
basis of statistical criteria, and some cases of non-uniform extreme and non-stationarity
means and variances, mainly related to the omissions and lack of long term time series.
The recovering process of missing data and extension time series was carried out, result
shows that that, the average period of observation for 39-41 year mean monthly air
temperature in the Arabian Peninsula was increased to 96 (August) - 116 (February)
years, with recovered data in the colder months of the year was more effective than in
the warmer, due to the greater homogeneity of synoptic processes and better spatial
distribution of winter temperatures. Precipitation data recovered worse than the air
temperature and the average for the duration of the Arabian Peninsula observations
Monthly precipitation was increased from 33-36 years to 73-79 years. After the restored
data were analyzed, data homogeneity and base was formed for continuous long-term

series for modeling, including most of the 20th century and beginning of the 21th century.
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3. For Separately weather stations in Yemen and for the purpose of analyzing time series

model of air temperature, the following conclusions were made:

- The vast majority of the time series of observations at meteorological stations in
Republic of Yemen are stationary;
- Individual cases of non-stationarity, such as at the meteorological station Taiz, due to

insufficient length of observation and possible errors of observations.

Only for weather station Ibb in Yemen non stationary is related to the fact that rainfall in the
first part of the series is less than compared to the second part. Stepwise increase in rainfall

from the early 2000s is particularly vivid in May, June and September.

4. On the basis of implementation of statistical modeling of time series by comparing model
with time-varying sampling stationary model of a linear trend and stepwise functions for
average monthly air temperature, it was noted that the percentage of non-stationary
models varies from 0% in winter to 60% in June-August. The most effective non-
stationary model is the model of stepwise functions, which differs from the fixed to the
middle reaches 15-18% (with peaks up to 30-32%), while the efficiency of the linear
trend model reaches 11-12% (with peaks up to 30-33 as %). In the warm period, non-
stationary models are more common in the inner parts of the Peninsula and in the cold

months in some coastal areas of the south and west of the Peninsula.

5. For the average annual temperature average deviation of the model stepwise functions of
stationary model is 20.6% (with a maximum of up to 38%) and the percentage of
effectiveness models is 95.8%. The linear trend model of the average deviation from a
hundred stationary equal 17.4% and the relative number of effective non-stationary

model 1s 62.5%.

Therefore, the average annual air temperature is much more non- stationary, than any of the
mean monthly temperatures, due to the averaging procedure and formation of random
components in each of the 12 cases of average monthly temperatures and selection of climate
signals of the summer months. Stationary models have can be applied only along the Red Sea
coast and in the far east of the Peninsula. All remained part of the Arabian Peninsula contains

non-stationary model with increase of annual temperature. And in the central regions, this
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increase is related to the increase in the months temperatures of the warmth half of the, and in

the southern coastal - rising temperatures in the cold half of the year.

6. For the time series of averages monthly rainfall territorial deviations from the hundred-
stationary models are very small and vary from 4.5% to 7.7% for the model of stepwise
change and from 1.8% to 3.6% for the model of a linear trend. The number of cases of
stationary varies from 0 to 4, for the model of linear trend and stepwise changes from 0
to 2. Therefore, the spatial distribution of non-stationary time series, as well as absences
of non stationary appear at individual stations, located in the coastal areas south and west

of the Peninsula and is determined by local factors rather than climatic factors.

7. We obtain a very close relationship between the territorial average temperature and the
temperature rarely events (once in 100 and 200 years old) with correlation coefficients
greater than 0.9 for most months. They are of great practical importance for climate
applications, as on one hand they allow us to obtain estimates of climatic characteristics
of rare events for the considered stations, and on the other hand, based on spatial
interpolation of these rules and regression can be calculated for the climatic

characteristics at any point in the Arabian Peninsula, where observations are missing.

8. For the time series of monthly precipitation spatial averages deviations from the hundred-
stationary models are very small and varies from 4.5% to 7.7% for the model of step-
change and from 1.8% to 3.6% for the model of a linear trend. The number of rows of
stationary and also little varies from 0 to 4, for the model and changes stepwise from 0
to 2 and linear trend model that percentage yields up to 12% and 7% of the total number
of cases. Therefore, the spatial distribution of non-stationary series, an absence, and
unsteadiness manifested at individual stations, located in the coastal areas south and west

of the peninsula and is determined by local rather than climatic factors..
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