
INTERNATIONAL JOURNAL OF CLIMATOLOGY
Int. J. Climatol. (2015)
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/joc.4302

Shamals and climate variability in the Northern
Arabian/Persian Gulf from 1973 to 2012

Fahad Al Sena� and Ayal Anis*

Marine Sciences & Oceanography, Texas A&M University, Galveston, USA

ABSTRACT: This paper presents key results from analysis of surface meteorological observations collected in the Northern

Arabian/Persian Gulf (N Gulf; Kuwait, Bahrain, and NE Saudi Arabia), which spans a 40-years period (1973–2012). The

�rst part of this study analyzes climate variability in the N Gulf, and relates them to teleconnection patterns (North Atlantic

Oscillation, El Nino Southern Oscillation, and Indian Ocean Dipole). Results of the analysis indicate that during the study

period the climate in the region experienced a general trend of increase in temperature (0.8∘C), decrease in barometric pressure

(1 mbar), reduction in humidity (6%), and decrease in visibility (9%). Signi�cant correlations were found between the three

teleconnection patterns and the meteorological conditions suggesting that seasonal variabilities in air temperature, barometric

pressure, and precipitation are closely related to the teleconnection patterns. The second part of this study examines the 40-year

variability of Shamal events (strong NW winds that commonly generate signi�cant dust storms). The data suggests that on

average Shamal events occur at a rate of 10 events year–1 with 85% of the events occurring during the summer and winter.

The number of these events has increased in the past 14 years of the study period. These events resulted in abrupt changes

in meteorological conditions: an increase in wind speed of 2.7 m s–1, a decrease in visibility of 1.7 km, and reduction in

humidity of 4.3%. Seasonal variations in temperature (an increase in temperature during summer of 0.8∘C, and a decrease of

1.5∘C during winter) and barometric pressure (a decrease in barometric pressure during summer of 0.6 mbar and an increase

of 7.8 mbar during winter) were observed during Shamal events.
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1. Introduction

Effects of global climate change on the relative increase of

surface temperatures (Jones, 2003; Attrill, 2009), droughts

(van Vliet et al., 2013), �ooding (Mirza, 2002), and inten-

sity of weather events such as monsoons (Naidu et al.,

2012) and hurricanes (Arpe and Leroy, 2009) have been

increasing steadily. The rise in number of environmen-

tal catastrophes due to severe weather events in the last

50 years (Leroy, 2006) has further motivated scientists to

better understand the impacts of global climate change

on weather systems and phenomena (e.g. IPCC, 2014).

In the Arabian/Persian Gulf (hereafter called the Gulf)

(Figure 1), a unique weather phenomena occurs through-

out the year and has substantial impact on the society,

economy, transportation, and the natural environment;

it is known as a Shamal event (details of Shamals in

Section 1.2).

In this manuscript, our �rst aim is to describe cli-

mate variability in the N Gulf region based on three

(Kuwait, Bahrain, and NE Saudi Arabia) 40-year-long

datasets, covering the period from 1973 to 2012, and relate
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teleconnection patterns (large scale modes of climate vari-

ability) to climate variability. To the best of our knowledge,

there are no published studies documenting the long-term

variability of Shamal events as reported in this study. The

only other long-term study of Shamals was presented by

Rao et al. (2001). The latter study discusses the effects of

Shamals on meteorological parameters (barometric pres-

sure, wind speed, humidity, and air temperature) and quan-

ti�es the frequency of events over a decade (1990–2000)

at Doha, Qatar.

The second aim is to describe the variability of Shamal

events and its effect on various meteorological parame-

ters. Shamal events have a signi�cant impact on surface

heat �uxes (shortwave, longwave, sensible, and latent),

momentum �uxes, and, as a result, on vertical water col-

umn strati�cation, currents, and mixing intensities (Thop-

pil and Hogan, 2010). The importance of Shamal events

in the region and the relation to climate variability has

motivated the second aim of this study and an ongoing

oceanographic �eld experiment.

To set the stage, we proceed by describing the climate

characteristics in the region focusing on the seasons

and the general synoptic conditions during each sea-

son (Section 1.1). This is followed by a de�nition of

Shamal events and related de�nitions used by other

authors (Section 1.2). Section 1.3 summarizes the relevant
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(a)

(b)

Figure 1. (a) Topographic map of the Gulf and the Mesopotamian dust source region (hatched) with the locations of the three meteorological stations

and SST used in the study indicated by circles (red in online); (b) true colour aqua satellite image of N Gulf dust storm on 8 January 2013. The circle

(blue in online) shows the location of Kuwait City (NASA, 2013).

background information on the three teleconnection pat-

terns that are discussed in the paper. Observational and

reanalysis data sources, as well as how various parameters

were computed, are described in Section 2. Section 3.1

describes results and discusses the climate variability

of the N Gulf region in the past 40 years in relation to

teleconnection patterns as well as the meteorological

and anthropogenic in�uences on visibility. The vari-

ability of Shamal events from 1973 to 2012 and their

in�uence on meteorological parameters are described in

Section 3.2. A short summary and conclusion is given in

Section 4.

1.1. Climate characteristics

The Gulf is located in the subtropical high-pressure region,

where the climate is classi�ed as arid. The combination of

high evaporation (1.4 m year–1) (Privett, 1959) and low

precipitation rates (0.03–0.11m year–1) (Almazroui et al.,

2012a) renders the ecosystem, and the society in particular,

vulnerable to global warming effects.

The climate in the Gulf can be divided into two main

seasons with two transition periods: summer season

(Jun–Sep), fall transition (Oct–Nov), winter season

(Dec–Mar), and spring transition (Apr–May) (Walters,

1990). During transition periods, weather is commonly

unstable with no well-de�ned weather patterns, and

tropical storms are common.

1.1.1. Summer season

Summer in the N Gulf is in�uenced by two main pressure

systems. The �rst is the stationary summer monsoon low

pressure system centred over NW India and extending W

to the SE Gulf. The second is the stationary high pressure

system over the E Mediterranean with a ridge extending

SE towards the NW Gulf. These two systems produce a

steep pressure gradient in between, which lies over the

NE Gulf (Nasrallah et al., 2004) and produces strong NW

winds (7–13 m s–1) (Bartlett, 2004) known as summer

Shamals (Rao et al., 2003); these may last up to weeks at a

time (Wilkerson, 1991). The summer Shamals commonly

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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Figure 2. Monthly averaged (solid line) and range (shaded) of surface meteorological parameters (1973–2012): (a) barometric pressure, (b) air

temperature, (c) wind speed, (d) visibility, and (e) relative humidity. (Data source: Kuwait Meteorological Of�ce at Kuwait Airport station.)

bring dust or ‘blazes’ of hot (up to 51∘C) and dry air

called Simoom (literally meaning poison). The adiabatic

ascent and descent of air passing the Zagros Mountains

in NW Iran from the E results in extreme hot Simoom

air. These conditions are common in the �rst part of

summer (May–Jun), when the summer monsoon low is at

its lowest.

From our analysis, the combination of high tempera-

tures (average high 41∘C), zero precipitation, and lower

(550m3 s–1) than yearly average (703m3 s–1) river dis-

charge from the Euphrates and Tigris (Janabi, 2010) during

this period induces mineral crust formation, as shallow

streams on the Mesopotamian �oodplain (951,000 km2)

dry out (Partow, 2001). These processes, and the average

high wind speeds (5.3m s–1) during this time of the year,

contribute to rising dust formation making this period the

lowest in visibility (8.1 km). Furthermore, a correlation of

–0.83 (95% con�dence interval of –0.51, –0.97) between

wind speed and visibility suggests that winds are a major

controlling factor of visibility throughout the year. Other

characteristics of this period are relatively low barometric

pressure (1000.4mbar) and low relative humidity (21%)

(Figure 2). The second part of summer (Jul–Aug) exhibits

weakening, and eventually a breakdown of the summer

monsoon low pressure system into two pressure systems

centred over the SE Gulf and Iran. The weather in the N

Gulf is controlled by the low pressure system in the SE

(Nasrallah et al., 2004) bringing about higher humidities

(28%), weaker SE winds (4.2m s–1), and a slight increase

in average visibility (8.7 km) (Figure 2).

1.1.2. Winter season

The winter season in the N Gulf is in�uenced by cold

air carried into the region by the quasi-stationary Siberian

high-pressure system in the E (Crook, 2009). This climate

is often interrupted by frontal systems that build up in the

E Mediterranean and move SE due to the upper-westerlies

(Polar Front Jet). These moisture bearing frontal systems

are the primary source of precipitation in the region (Bar-

low et al., 2005). As the frontal system moves towards the

Gulf, the Polar Front Jet behind the frontal system and

the Sub-Tropical Jet ahead of it converge, strengthen the

system, and generate strong winds at the front. On the

passage of the front over the N Gulf, strong NW winds

develop with �vefold the initial speed and reach values up

to 15–20m s–1 near the surface at the centre of the Gulf

(Thoppil and Hogan, 2010); these are known as winter

Shamals. The duration of a winter Shamal event depends

on how fast the upper air trough moves through the region,

however, typical duration of a Shamal event is 2–5 days

(Ali, 1994). From our analysis, the general characteristics

of this period are: colder temperatures (15∘C), higher rela-

tive humidity (55%), lower wind speed (3.7m s–1), higher

barometric pressure (1019 mbar), and increased visibility

(8.8 km) when compared to other periods throughout the

year (Figure 2).

1.2. Shamal events

Dominating winds, referred to as Shamal winds, in the

region are mainly from the N-NW throughout the year

(Figure 3). These winds are sometimes interrupted by

rare, more localized SE winds locally known as ‘Kaus’,

lasting from a few hours to a few days (Chao et al., 1992).

Shamal winds can intensify well above the average and

turn into what are considered ‘Shamal events’. Topography

of the region also plays a major role in strengthening the

wind with the high terrain along the Iranian Coast (Zagros

Mountains) and the W coast of Saudi Arabia (Figure 1)

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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Wind speed (m s
–1

)

Figure 3. Hourly averaged wind speed, direction (from where wind

blows), and frequency of occurrence (in %) during 1973–2012. (Data

source: Kuwait Meteorological Of�ce at Kuwait Airport station.)

producing a ‘wind funnel’ like structure (Giannakopoulou

and Toumi, 2012). Commonly, Shamal events occur in the

summer and winter seasons. Shamal events accompanied

by rising dust originating from the Mesopotamian region

(Iraq, E Syria, and SE Turkey) (Wilkerson, 1991) can

lead to dust storms (Figure 1). The standard de�nition of

dust storms is when visibility falls to ≤1 km because of

dust (Kutiel and Furman, 2003; Goudie, 2009; Zhao et al.,

2010; Al-dousari and Al-awadhi, 2012).

Presently there is no agreed upon and clear de�nition of

a Shamal event. Rao et al. (2001) de�ne a Shamal event

as a NW-N wind with an average speed of ≥8.75m s–1

during at least 3 h of the day. Vishkaee et al. (2012) argue

that for a Shamal to be characterized as an event �ve

out of the six following conditions are to be met: (1)

decrease in humidity, (2) decrease in surface temperature,

(3) increase in barometric pressure, (4) Northerly winds,

(5) wind speed >6m s–1, and (6) abrupt drop in visibility

rate (3 km h–1). Perrone (1979), the �rst known author

to publish about Shamals, and Walters (1990) subdivide

Shamal events into two types. The �rst is a short duration

(24–36 h) event with NW winds ≥15.5m s–1, and the

second is a long duration (3–5 days) event with NW

winds up to 25.7m s–1. Next, we describe the operational

de�nition of a Shamal event used in this study.

First, we note that associated with Shamal events is a

reduction in visibility either due to rising dust or dust

storms (visibility ≤1 km; Kutiel and Furman, 2003). We

de�ne a wind-speed threshold value required to lift dust

into the air, based on the results of a comprehensive study

by the USArmyNatick Laboratories on wind borne dust in

desert areas of various nature (sand dunes, desert �ats, dry

wash regions, desert pavements, alluvial fans, and playas).

The study concluded that a speed of 9.85m s–1 is required

in a dry wash region to suspend dust into the air (Clements

et al., 1963). The Mesopotamian region is such a dry

wash region that river streams are dry throughout most

of the year. Furthermore, this threshold value is consistent

with the range 8.95–11.18m s–1 (UCAR/COMET, 2010)

adopted by the Kuwait Meteorological Of�ce and the

United Nations Environment Programme (UNEP, 2013)

for rising dust.

The operational de�nition of a Shamal day in this study

is a WNW-N (287∘ < direction < 360∘) wind with an

hourly average speed ≥9.85m s–1 blowing during at least

3 h day–1. Two consecutive Shamal days are required for

a Shamal to be classi�ed as a Shamal event. Using two

consecutive Shamal days to de�ne an event is similar to the

minimum number of days used by Reynolds (1993). Note

that the condition of winds blowing for at least 3 h day–1

effectively �lters out short duration wind events, such as

sea-land breezes. Such breezes occur during more than

70% of the days in a year in this region and have wind

speeds ≥10m s–1 for less than 3 h day–1 (Eager et al.,

2008).

1.3. Teleconnection patterns

Various teleconnection patterns have been linked to the

interannual variability in sea surface temperature (SST)

(Saji et al., 1999), air temperature (Philandras et al., 2013),

humidity (Dai, 2006), precipitation (Chang et al., 2000),

and also global warming (Cohen and Barlow, 2005) and

droughts (Cullen and Demenocal, 2000). In this study we

focus on the three teleconnection patterns: North Atlantic

Oscillation (NAO), El Nino Southern Oscillation (ENSO),

and Indian Ocean Dipole (IOD). These have been found in

this study to have an in�uence on the N Gulf interannual

barometric pressure, air temperature, and precipitation.

The NAO index is de�ned as the standardized differ-

ence between the sea level barometric pressure of the

Azores high (station at Lisbon, Portugal) and Icelandic low

(station at Reykjavik, Iceland) (Hurrell, 1995). The NAO

peaks in its positive phase during the Northern Hemisphere

winter season in response to the increased difference

between air-sea temperatures (Cullen and Demenocal,

2000). A positive NAO phase results in a stronger subtrop-

ical high over the Azores that extends to the E Mediter-

ranean and deepening of the Icelandic barometric low

(Meehl and Loon, 1979). The ENSO index is de�ned as

the area average of SST anomalies cross the E Equatorial

Paci�c (5∘S–10∘N, 150∘W–90∘W). The ENSO starts to

develop in its positive phase during themonths ofMar–Jun

producing warmer SST’s along the central Paci�c Ocean

as the trade winds weaken and tropical convection shifts E

(Torrence andWebster, 1999). The shift of tropical convec-

tion and warming of the central Paci�c Ocean SST causes

disturbances to the Asian summer monsoon (Soman and

Slingo, 1997), which controls the N Gulf summer season

climate (details in Section 1.1). The IOD index is the stan-

dardized difference in SST between the W Indian Ocean

(5∘S–10∘N, 50∘E–70∘E) and E Indian Ocean (10∘S–0∘S,

90∘E–110∘E) (Arun et al., 2005). The change in trade

winds direction from westerlies to easterlies produces

warmer SST’s in the W Indian Ocean and cooler SST’s in

the E Indian Ocean, which is similar to ENSO, also affects

the Asian summer monsoon (Saji and Yamagata, 2003).

The IOD starts to develop in its positive phase during the

months of May–Jun (Saji et al., 1999).

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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2. Methods

2.1. Data source

The observational dataset includes available hourly meteo-

rological data of wind speed (Vaisala WS425 Ultrasonic),

visibility (Vaisala FD12), barometric pressure (Vaisala

PRB 100), and relative humidity (Vaisala HMP45D) and

air temperature (Vaisala HMP45A) mounted in a radi-

ation shield (Vaisala DTR503A) from 1973 to 2012 at

the Kuwait Airport (29.242∘N, 47.972∘E, elevation 45m;

Figure 1), obtained from the Kuwait Meteorological Of�ce

(KMO). The sensors were set to take measurements once

a minute and averaged and logged every 10min. The

10-min data were then averaged over an hour. There were

no major gaps in the dataset except from Aug/1990 to

Jul/1991 due to the 1st Gulf War. The study was lim-

ited to 1973 as no observational hourly data prior to 1973

in the region was available. Furthermore, this dataset is

unique since, to the best of our knowledge, no other

dataset in the region has similar temporal resolution and

detail. From this dataset, the variability in meteorolog-

ical parameters over 40 years was estimated, as well

as occurrence frequency of Shamal events. Other obser-

vational hourly datasets of temperature and barometric

pressure at Qaisumah, Saudi Arabia (KSA) (28.335∘N,

46.125∘E, elevation 357m; Figure 1) and Bahrain Inter-

national Airport (BAH) (26.271∘N, 50.634∘E, elevation

1m; Figure 1) available from the National Oceanic and

Atmospheric Administration-National Climatic Data Cen-

ter (NOAA-NCDC) from 1973 to 2012 were used in

addition to the KMO data to analyze climate variability.

Because of the very limited temporal resolution, continu-

ity, and quality of precipitation data at the BAH and KSA

stations, only the KMO precipitation data were used for

analysis.

2.2. Climate variability

Yearly averages (1973–2012) and 95% con�dence inter-

vals of observed meteorological parameters was computed

using the bootstrap method (Efron and Tibshirani, 1986).

A linear �t to the yearly averaged data (e.g. Yosef et al.,

2009; Philandras et al., 2013) were computed using the

robust regression method (Huber and Ronchetti, 2009).

From the �tted slope, changes in meteorological param-

eters, as well as changes in Shamal event occurrence fre-

quency over the study period were estimated.

The effect of teleconnection patterns on the Gulf were

generally more pronounced seasonally (winter: Dec–Mar

and summer: Jun–Sep) than annually (more details in

Section 1.3). Therefore, we focus on interannual seasonal

variability in meteorological parameters to quantify the

variability of a speci�c season in reference to the 40-year

average. We de�ne

Interannual seasonal variability = y − y, (1)

where y is a seasonal average of an observational meteo-

rological parameter (e.g. air temperature) and its 40-year

seasonal average is noted with an overline. The interannual

seasonal variability was then standardized (Equation (2)),

in a similar approach to that taken by Philandras et al.

(2013) and Saji and Yamagata (2003), who analyzed the

in�uence of teleconnection patterns on meteorological

parameters over the E Mediterranean and Indian Ocean,

respectively. Thus

z =
y − y

�
, (2)

where z is the standardized interannual seasonal anomaly

of an observational meteorological parameter y, and � is

the 40-year standard deviation. Spatial anomalies were

computed from NCEP reanalysis (for details see Kana-

mitsu et al., 2002) meteorological data at 6-h intervals and

global coverage at a resolution of 1.875∘. Spatial anomaly

charts of meteorological parameters were constructed to

assess the linkage between climate variability and telecon-

nection patterns.

To investigate the relation between the teleconnection

patterns and meteorological anomalies, two goodness of

�t statistics were computed. The �rst method is the

Nash–Sutcliffe coef�cient of ef�ciency (Ns; Nash and Sut-

cliffe, 1970) that determines how good the plot of the

standardized teleconnection patterns indices versus the

standardized meteorological anomalies �ts the 1:1 line:

Ns = 1 −

n
∑

i=1

(

zi − xi
)2

n
∑

i=1

(

zi − z
)2

, (3)

where x represents the standardized teleconnection pat-

tern seasonal index, i is the yearly seasonal data point

index, and n is the total number of years. The values of Ns
range between −∞ to +1, with 1 indicating a perfect rela-

tion, Ns = 0 indicating that the standardized meteorologi-

cal seasonal anomaly is only as good as the standardized

teleconnection pattern seasonal index average and Ns < 0

indicating a weak relation (Elsanabary and Gan, 2013).

Generally, values between 0 and 1 are viewed as accept-

able (Gupta and Kling, 2011). The second method used is

the Pearson correlation de�ned as:

r =

n
∑

i=1

(

xi − x
) (

zi − z
)

(n − 1) �x�z
, (4)

where the value of r ranges between –1 and 1, with r= 1

and r=− 1 indicating a perfect relation, and r= 0 indi-

cating a poor relation. This method assesses the degree of

collinearity between the standardized teleconnection pat-

terns seasonal indices and the standardized meteorological

parameter seasonal anomalies. Furthermore, this method

was tested for signi�cance (Pvalue) using the student’s t-test

with a critical value of 0.05 (Press et al., 2007). Pearson

correlations were used by Donat et al. (2014) when linking

teleconnection patterns to the extreme changes in temper-

ature and precipitation in the Middle-East.

For the indices of NAO, ENSO, and IOD, we used

the monthly available data provided by NOAA Climate

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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Prediction Center (CPC) and the Japanese Agency for

Marine-Earth Science and Technology (JAMSTEC) from

1973 to 2010. These data are based on the standard-

ized (1970–2010 base period) latitudinal sea level pres-

sure differences for NAO (Barnston and Livezey, 1987),

and on the standardized longitudinal SST differences for

ENSO and IOD (Saji et al., 1999) (see further details in

Section 1.3). These three (NAO, ENSO, and IOD)monthly

indices have been further averaged over 3 months (sea-

sonal average) to be consistent with our observational

datasets (KMO, KSA, and BAH). This is similar to the

approach used by Donat et al. (2014) and Elsanabary and

Gan (2013) to examine the interannual seasonal variability

of temperature and precipitation. Furthermore, the longest

spatial available dust dataset for the study region was

obtained from GEMS (Global and regional Earth-system

Monitoring using Satellite and in-situ data, Hollingsworth

et al., 2008) developed by ECMWF-IFS (European Cen-

tre for Medium-RangeWeather Forecasts-Integrated Fore-

cast System, Benedetti et al., 2009) between 2003 and

2012 in the form of Dust Aerosol Optical Depth at

550 nm (DU). This data is derived from the reanalysis

of four-dimensional variational (4D-Var) aerosol assim-

ilation using a combination of satellite-based (Moder-

ate Resolution Imaging Spectroradiometer-MODIS) and

background meteorological data such as wind at 10m

to forecast the dust distribution and trajectory (Morcrette

et al., 2008). The observational DU fromMODIS is deter-

mined using the dusts speci�c physical and optical proper-

ties (mass extinction, �ei, single scattering albedo, �, and

asymmetry factor, g; see Appendix) at a wavelength, �, of

550 nm (Reddy, 2005) by

DU =

n
∑

i=1
∫

0

Pres

�ei (�,Hum (Pres)) ri (Pres)
dp

g
, (5)

where n is the number of dust aerosols, Pres is the surface

pressure, Hum is the relative humidity, r is the mass

mixing ratio, and dp is the model layer pressure (Benedetti

et al., 2009). The 10-year DU spatial dataset was used

to compare the variability of the observed visibility data

and to investigate the controlling factors (anthropogenic

activity and meteorological parameters) that may have led

to �uctuations in the interannual variability of DU.

2.3. Metrics of Shamal effects

The in�uence of Shamal events on meteorological param-

eters during 1973–2012 is determined by quantifying

both average and extreme parameter values of the dif-

ference between pre-Shamal (a day before Shamal)

to Shamal event conditions. These are summarized in

the following equations and are based on wind speed

(Equations (6) and (7)), visibility (Equations (8) and (9)),

air temperature (Equations (10) and (11)), relative humid-

ity (Equations (12) and (13)), and barometric pressure

(Equations (14) and (15)):

ΔWindavr = Shamal averageWind

− pre-Shamal averageWind, (6)

ΔWindmax = Shamal hourly max Wind

− pre-Shamal hourly max Wind, (7)

ΔVisavr = Shamal average Vis

− pre-Shamal average Vis, (8)

ΔVismin = Shamal hourly min Vis

− pre-Shamal hourly min Vis, (9)

ΔTempavr = Shamal average Temp

− pre-Shamal average Temp, (10)

ΔTempmax = Shamal hourly max Temp

− pre-Shamal hourly max Temp, (11)

ΔHumr avr = Shamal average Hum

− pre-Shamal average Hum, (12)

ΔHumr max = Shamal hourly max Hum

− pre-Shamal hourly max Hum, (13)

ΔPresavr = Shamal average Pres

− pre-Shamal average Pres, (14)

ΔPresmax = Shamal hourly max Pres

− pre-Shamal hourly maxPres, (15)

whereWind is wind speed, Vis is visibility, and Temp is air

temperature.

3. Results and Discussion

3.1. Climate variability in the N Gulf (1973–2012)

The increase of carbon dioxide (from 280 to 390 ppm;

Blasing, 2013) and other greenhouse gases due to the burn-

ing of fossil fuels since the industrial revolution (1750) has

led to a pronounced increase in global temperature (Prein-

ing, 1992) of 0.4–0.8∘C during the past century (EPA,

2012). Our analysis suggests that the temperature in the

N Gulf has increased by 0.8∘C just in the past 40 years

and may continue to increase at a rate of 0.02∘C year–1

(0.01, 0.04) if we assume a similar trend of increase in air

temperature (Figure 4(a)). This is lower compared to the

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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Figure 4. Yearly averaged surface meteorological parameters observed at KMO from 1973 to 2012 and their 95% bootstrap con�dence interval error

bars. A linear �t to the data, using robust regression is represented by the solid lines: (a) air temperature, (b) relative humidity, (c) barometric pressure,

(d) wind speed, (e) precipitation, and (f) visibility.

average 0.06∘C year–1 across Saudi Arabia (27 observa-

tional sites) reported by Almazroui et al. (2012b) between

1979 and 2009. Moreover, a previous study by Nasral-

lah and Balling (1995) reported large variations (–0.09

to 0.07∘C decade–1) in temperature trends at three loca-

tions in Saudi Arabia (30∘N, 40∘E; 25∘N, 50∘E; 20∘N,

40∘E), using an updated version of gridded points created

by Jones et al. (1986) between 1950 and 1990. Nasrallah

and Balling (1995) linked 30% (correlation of 0.55) of the

temperature trend variances in Saudi Arabia as well as the

Middle East to anthropogenic induced deserti�cation. Air

surface temperature plays a major role in in�uencing other

meteorological parameters such as humidity and baromet-

ric pressure. Although air at higher temperatures can con-

tain more water vapour (Hansen et al., 1984), observed

humidities were not higher in the N Gulf region. The rela-

tive humidity level has dropped by 6% between 1973 and

2012 (Figure 4(b)), in agreement with climate models that

show a similar decrease in humidity in theMiddle East as a

result of global warming (Dai, 2006). Another meteorolog-

ical parameter impacted by global warming in the N Gulf

is barometric pressure. The increase of land and SST’s fol-

lowing the increase in near surface air temperature results

in increased loss of longwave (infrared) radiation from the

land and sea bodies, contributing to a reduction in baromet-

ric pressure by an overall of 0.8 mbar (0.02 mbar year–1)

between 1973 and 2012 (Figure 4(c)). The decrease in

barometric pressure reported in this study is similar to that

reported by El Kenawy et al. (2012), whose study sug-

gested a decrease of 0.02 mbar year–1 between 1920 and

2006 for the W Mediterranean region.

Barometric pressure and surface air temperature were

found to �uctuate throughout the study period in response

to the NAO and ENSO teleconnection patterns. A previous

study by Cullen and Demenocal (2000), used monthly air

temperature and precipitation observations at 770 stations,

extending from the Iberian Peninsula to the Middle East

(20∘N–50∘N and 10∘W–50∘E), to construct yearly win-

ter season temperature and precipitation anomaly indices

from 1930 to 1995 and link these to the NAO index. Their

study suggests that the effect of a positive NAO phase

during winter extends to the Mesopotamian region caus-

ing cooler temperatures by 18% (correlations of –0.42)

and a reduction in precipitation of 27% (correlations of

–0.52). Similarly, a study by Donat et al. (2014) used

61 observational stations measuring daily air tempera-

ture and precipitation across the Arab region, including

two of the three stations used in the present study (KIA

and BAH), and suggests a correlation of –0.2 between

winter air temperatures and NAO for the N Gulf region

from 1961 to 2010. These conditions are a result of

the Azores High and Icelandic Low shifting the mois-

ture bearing Jet Stream poleward and bringing wetter and

warmer conditions to N Europe and cooler and drier con-

ditions to the Mediterranean and Mesopotamian regions

(Chang et al., 2000; Cullen and Demenocal, 2000), thus

providing a possible link of precipitation, air tempera-

ture, and barometric pressure in the Mesopotamian region

to the NAO. The observational results reported here for

the winter seasons of 1973–2012 in the N Gulf are con-

sistent with those of Cullen and Demenocal (2000) and

Donat et al. (2014) for the Mesopotamian region and

suggests that the winter barometric pressure anomalies

(Figure 5(a)) and air temperature anomalies (Figure 5(e))

in the N Gulf are impacted by the NAO with positive

Ns values and signi�cant (pvalue < 0.05) correlation values

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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Figure 5. (a) Winter averaged NAO index (grey) and winter barometric pressure anomalies (Equation (2); KMO; BAH; KSA). Vertical broken

lines indicate strong (index ≥1) positive NAO phases. (b–d) Winter barometric pressure anomalies computed as in Equation (2) using NCEP

barometric pressure data. (e–h) similar to (a–d) but for air temperature anomalies.

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
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Figure 6. Seasonal averaged teleconnection patterns indices versus meteorological parameters anomalies (1973–2012) scatter plots at KMO, BAH,

and KSA, with their respective correlations, p-values, and Nash–Sutcliffe coef�cient. A linear �t to the data, using robust regression is represented

by the solid lines: (a1) NAO index versus barometric pressure anomaly observations, (a2) NAO index versus air temperature anomaly observations,

(b1) ENSO index versus barometric pressure anomaly observations, (b2) ENSO index versus precipitation anomaly observations, and (c) IOD index

versus precipitation anomaly observations.
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ranging from 0.34 to 0.37 and –0.42 to –0.46, respectively

(Figure 6(a)).

The impact of strong (index ≥1) NAO positive peri-

ods (1978/79, 1986/87, and 1993/94; Figure 5(a) and (e))

have caused relative higher winter barometric pressure

and cooler surface air temperatures by up to 2.8 mbar

(0.4%) and –2.4∘C (–22%), respectively (Table 1). Fur-

thermore, the strong NAO positive index (≥1) periods

were examined spatially for winters 1978/79, 1986/87,

and 1993/94 barometric pressure anomalies and temper-

ature anomalies (Figure 5(b)–(d) and (f)–(h)). The baro-

metric spatial anomaly results show a positive anomaly

extending from NE Africa towards the N Gulf in win-

ters of 1978/79 and 1993/94 (Figure 5(b) and (d)) and at

times covering all the Gulf in winter 1986/87 (Figure 5(c)).

The spatial air temperature anomalies (Figure 5(f)–(h))

followed a similar pattern to that of barometric pressure

anomalies with negative anomalies extending from NE

Africa towards the N Gulf. An exception was during the

1978/79 winter when the temperature anomaly at BAH

and KSA was ∼0 compared to the negative anomaly of

–1 at KMO (Figure 5(e)). This may be explained by the

negative air temperature anomaly centred over the Gulf

(indicated by the red arrow Figure 5(f)) and not extend-

ing to Kuwait. Moreover, possible connection between

NAO and SST was quantitatively explored using the SST

anomalies computed from the NCEP SST reanalysis data

for the period 1979–2010 at a location centred in the

N Gulf region (Figure 1). During positive NAO phases

SST anomalies were found to decrease, following a sim-

ilar pattern to that of air temperature (Figure 5(e)). Fur-

ther analysis revealed a consistent lag of SST behind

NAO, suggesting a delayed response of SST to NAO

of about 1 month compared to the relatively immediate

response of air temperature. The in�uence of the NAO

on the variability in precipitation reported by Cullen and

Demenocal (2000) has not been observed in our KMO

dataset.

Similar to the NAO, ENSO is another large scale mode

of climate variability (Jin, 2003). Of particular impor-

tance to the present study region is the weakening of the

summer monsoon during positive phase ENSO events.

During these events, the tropical convection shifts east-

ward causing a weaker low pressure monsoon over India,

which in turn induces a disturbance to the Jet Stream

(Shakula and Paolino, 1983; Joseph et al., 1994; Webster,

1995; Webster et al., 1998). It is of interest to note that

the impact of ENSO on the summer monsoon (baromet-

ric pressure, air temperature, and precipitation) was �rst

introduced by (Walker and Bliss, 1937). The disturbance

to the low pressure summer monsoon during the three

analyzed ENSO events (1982, 1987, 1997; Table 1) was

observed to result in higher barometric pressure (up to 1.6

mbar (0.02%) in summer 1997; Table 1) and an increase

in precipitation (up to 4.5 cmmonth–1 (31%) in summer

1997; Table 1). The increase in their respective anoma-

lies is shown in Figure 7(a) and (e). Correlation values

between barometric pressure anomalies and ENSO index

ranged between 0.53 to 0.61 and the correlation value of

Table 1. Interannual seasonal variability of meteorological

parameters (Equation (1)) at the KMO during teleconnection

pattern events.

Event year ΔPressure

[mbar]

ΔTemperature

[∘C]

Tele.

index

1978/79 Winter 2.8 (1.8,3.8) −2.4 (–3.2,–1.5) 1.0

NAO 1986/87 Winter 1.4 (1.1,1.6) −1.5 (–1.7,–0.9) 1.1

1993/94 Winter 2.3 (1.7,2.9) −1.6 (–2.0,–1.3) 1.7

ΔPressure

[mbar]

ΔPrecipitation

[cm month–1]

1982 Summer 0.6 (0.6,0.7) 1.3 (1.2,1.6) 1.6

ENSO 1987 Summer 1.1 (1.0,1.2) 0.9 (0.8,1.2) 1.7

1997 Summer 1.6 (1.5,2.1) 4.5 (4.3,5.3) 2.3

ΔPrecipitation

[cm month–1]

1982 Summer 1.3 (1.2,1.6) 1.4

IOD 1994 Summer 1.4 (1.1,1.6) 1.7

1997 Summer 4.5 (4.3,5.3) 2.3

95% bootstrap con�dence intervals are given in parentheses.

precipitation anomalies and ENSO index was 0.43, with

positive Ns values suggesting a signi�cant (pvalue < 0.05)

relation between these parameters and the ENSO event

(Figure 6(b)). Spatial anomaly results for barometric pres-

sure during ENSO events show positive anomalies extend-

ing from the Arabian Sea and W India towards the Gulf

(Figure 7(b)–(d)). Spatial anomaly results for precipita-

tion (Figure 7(f)–(h)) show a scatter of positive anomalies

over the Gulf region covering Kuwait, United Arab Emi-

rates, Oman, and parts of Saudi Arabia and Qatar. Similar

conclusions for the in�uence of ENSO on the increase of

regional precipitation have been observed by Kumar and

Ouarda (2014) and Arun et al. (2005). Both studies found

correlations >0.4 between precipitation values and ENSO

index using monthly observations at six sites located in

the United Arab Emirates between the years 1981–2011

(Kumar and Ouarda, 2014) and NCEP reanalysis data

across Saudi Arabia between 1958 and 2012 (Arun et al.,

2005). The increased precipitation due to ENSO appears

to be in contrast to the observations of Donat et al. (2014)

for the N Gulf, whose study suggests a weak relation

between winter precipitation and ENSO for the period of

1961 to 2010. We suggest that the effect of ENSO on the

regional precipitation is a result of its in�uence on the sum-

mer monsoon, thus, in�uencing the N Gulf during sum-

mer when the monsoon reaches its highest latitude and

therefore is closest to the N Gulf (see further details in

Section 1.1). Furthermore, the largest summer precipita-

tion (4.5 cmmonth–1, 31%) in the N Gulf was observed in

1997, when the strongest ENSO event was recorded (Jin,

2003).

During 1997 the IOD was also in a strong (index ≥1)
positive phase. During a positive IOD event the E Indian

Ocean becomes relatively colder, while the W Indian

Ocean becomes relatively warmer. These unusual temper-

ature conditions suppress atmospheric convection in the

E Indian Ocean, while enhancing atmospheric convection

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
on behalf of the Royal Meteorological Society.
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Figure 7. (a) Summer averaged ENSO index (grey) and summer barometric pressure anomalies (Equation (2); KMO; BAH; KSA). Vertical broken

lines indicate strong (index ≥1) positive ENSO phases. (b–d) Summer barometric pressure anomalies computed as in Equation (2) using NCEP

barometric pressure data. (e–h) are similar to a–d but for precipitation anomalies.

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
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Figure 8. (a) Summer averaged IOD index (grey) and summer precipitation anomalies (Equation (2); KMO). Vertical broken lines indicate strong

(index ≥1) positive IOD phases. (b–d) Summer precipitation anomalies computed as in Equation (2) using NCEP precipitation data.

in the W Indian Ocean. This impacts the Indian summer

monsoon low pressure system (Saji et al., 1999) caus-

ing an increase in precipitation over the W Indian Ocean

region (Goes et al., 2005). An increase in precipitation was

observed during the 1982, 1994, and 1997 summer events

(Figure 8(a)–(d); Table 1). Furthermore, the correlation

between precipitation and the IOD index was 0.48, with

a positive Ns value suggesting a signi�cant (pvalue < 0.05)

relation between the two (Figure 6(c)). Similarly, a study

by Webster et al. (1999) suggests a strong correlation

(0.62) between E African precipitation and the IOD, based

on NCEP reanalysis SST and upward longwave radiation

(as a proxy for precipitation) for 1997–1998 across the

Indian Ocean, when compared to 40 year observational

climate variability in the region. On the basis of these

results, Webster et al. (1999) suggests that during IOD

events the precipitation over the W Indian Ocean region is

above average and below average over the E Indian Ocean

region.

The controlling factor of visibility in the Gulf is dust,

with fog being uncommon. The DU data (Figure 9) was

found to be signi�cantly (pvalue < 0.05) correlated to the

KMO visibility data (Figure 4(f)) with a value of 0.76

(0.30, 0.93), suggesting dust to be indeed a main control-

ling factor of visibility.

For dust to be lifted into the air a lifting force is required

and is commonly supplied by the action of the wind.

Another important factor controlling the amount of dust

lifted into the air is related to the state and properties

of the land surface, e.g. dry vs wet desert surface. Dur-

ing the last 10 years of the dataset (2003–2012), the DU

has �uctuated in response to the wind strength and local

precipitation (Figure 10), such that the relative increase

in precipitation and reduction in wind speed resulted in

lower DU. However, in 2003 the above (31%) than 40

year average in precipitation and lower (11%) than 40

year average in wind speed did not result in relatively

lower observed DU as for other years (Figure 10). This

may suggest other contributing factors. A previous study

by Koch and El-Baz (1998) outlines the changes between

pre- and post-war desert conditions (Iran–Iraq War in

1980–1988 and 1st Gulf War in 1990–1991) and sug-

gests that military activities have changed desert morphol-

ogy and environmental conditions of 22% of the desert

areas. These morphological changes are mainly a result of

disturbances caused to the desert pavement layer, which

protects sand particles from exposure to wind erosion,

leading to weaker pick-up wind speeds required to sus-

pend dust into the air. Based on the above, we are led

to suggest that environmental changes in desert morphol-

ogy, possibly related to ‘Operation Iraqi Freedom’ in 2003,

may have lead to the observed increase in DU in 2003.

Furthermore, a case study by Saeed et al. (2014) dur-

ing ‘Operation Iraqi Freedom’ suggested an increase in

dust storm intensity in the N Gulf as a result of military

activity.

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
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Figure 9. Yearly averaged (2003–2012) dust aerosols optical depth at 550 nm (unitless; represents the fraction of light that is not scattered or

absorbed; Chin et al., 2002).

3.2. Shamals

3.2.1. Effects of Shamal events on meteorological

parameters

Development of N-NW winds during Shamal events

between 1973 and 2012 (Figure 11) showed an average

increase in wind speed of 2.7m s–1 (Figure 12(a), Table 2).

Average wind speeds of 11.5m s–1 (7.2, 15.2) with max-

imum wind speeds up to 23m s–1 were registered during

these events. Similar observed wind speed averages have

been reported by Rao et al. (2001), who used hourly wind

speed/direction at Doha, Qatar, between 1990 and 2000.

However, these average wind speeds are lower than the

reported wind speeds (≥15.5m s–1) by Walters (1990)

(Section 1.2).

Average wind speeds during Shamal events that were

higher than the dust pick-up threshold speed (9.85m s–1)

reduced visibility by an average of 1.7 km (Figure 12(b),

Table 2), resulting in average visibilities of 4.3 km (0.6,

9.0) as dust was being suspended into the air from the

Mesopotamian region (Figure 1). Shamal winds brought

drier air to the region while travelling over the continental

land mass, reducing the relative humidity by 4.3% on

average (Figure 12(c), Table 2).

Changes in barometric pressure during Shamal events

(Figure 12(d)) were dependent on the season. In the win-

ter, a cold frontal systemmoving from the EMediterranean

and the development of a high pressure system over Iraq,

Kuwait, and Saudi Arabia generates steep pressure gradi-

ents leading to winter Shamals (Thoppil andHogan, 2010).
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The development of a high pressure system during winter

Shamals causes an average increase in barometric pres-

sure of 7.8 mbar (Figure 13(d), Table 3). This increase in

barometric pressure during winter Shamals is in agreement

with Vishkaee et al. (2012) case study on 22–23 February

2010, which used 13 observational land sites (8 in Iraq and

5 in Iran) and ECMWF reanalysis for analysis. In summer,

the stationary summer monsoon low pressure system over

NW India, which affects the N Gulf region, induces the

summer Shamal and reduces the barometric pressure by an

average of 0.6 mbar (Figure 13(d), Table 3) during Shamal

events.

The change in air temperature (Figure 12(e)) during

Shamal events was also dependent on the season. Winter

Shamals resulted in a reduction of temperatures by 1.5∘C,

while summer Shamals resulted in an increase of 0.8∘C

(Figure 13(a), Table 3). Overall, with exception of air tem-

perature and barometric pressure, there was no signi�-

cant difference between summer and winter Shamals and

average differences of visibility, humidity, and wind speed

were similar in both seasons (Figure 13, Table 3). By com-

paring the differences in meteorological parameters due to

Shamal events, it is apparent that winter Shamals exhib-

ited larger variability than summer Shamals, as indicated

by the larger standard deviation values of the differences

in meteorological parameters (Table 3). The SE ‘Kaus’

wind that travels over the Gulf prior to winter Shamals

(Figure 11(d)) is suggested to be the main reason for the

larger variability in relative humidity and air temperature,

as the ‘Kaus’ wind brings humid and warmer conditions

during pre-Shamal.

3.2.2. Variability of Shamal events (1973–2012)

A total of 1165 days, comprised of 421 Shamal events (281

summer, 57 winter, and 83 transition periods), occurred

during the study period (1973–2012) with the number of

Shamal days per year �uctuating throughout this period.

The average number of Shamal days and events stands on

29 days year–1 and 10 events year–1, respectively. 1973
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Figure 12. Histograms of differences in meteorological parameters between pre-Shamal and Shamal events (421 events, 1973–2012): (a1) average

wind speed (Equation (6)), (a2) max wind speed (Equation (7)), (b1) average visibility (Equation (8)), (b2) min visibility (Equation (9)), (c1) average

relative humidity (Equation (12)), (c2) max relative humidity (Equation (13)), (d1) average barometric pressure (Equation (14)), (d2) max barometric

pressure (Equation (15)), (e1) average air temperature (Equation (10)), and (e2) max air temperature (Equation (11)).

Table 2. Maximum, minimum, and average differences in mete-

orological parameters between pre-Shamal and Shamal events

(421 events, 1973–2012).

Meteorological parameter Average Max Min

ΔWindavr [m s–1] 2.7 11.1 0.2
(Equation (6)) (0.4,5.8)
ΔVisavr [km] −1.7 −7.9 −0.2
(Equation (8)) (–4.9,–1.1)
ΔTempavr [

∘C] 0.3 5.1 −7.5
(Equation (10)) (–3.9,3.5)
ΔHumr avr [%] −4.3 29.8 −44.5
(Equation (12)) (–25.0,6.9)
ΔPresavr [mbar] −0.2 29.5 −19.6
(Equation (14)) (–8.7,10.9)

95% bootstrap con�dence intervals are given in parentheses.

had the highest number of Shamal days (72 days), while

1992 had the lowest (4 days) (Figure 14(a)). The �rst

quarter of the 1973–2012 period had the largest number of

Shamal days (32% of the total) with the number of Shamal

days declining by 46%, a change of –0.43 days year–1,

over the 40 year period. However, further analysis suggests

that the decline in the number of Shamal days occurred

mainly between 1973 and 1998 with a decrease of 0.96

days year–1. Afterwards, from 1998 to 2012, the number

of Shamal days per year has increased by 1.63 days year–1.

This increase in the number of Shamal days between 1998

and 2012 is consistent with the observed reduction in the

yearly average visibility (Figure 4(f)).

There was a signi�cant difference in the number of

Shamal days as a function of the season, with 77% of

Shamal days occurring in summer and only 8% in winter

(Figure 14(b)); 52% of Shamal days occurred during the

�rst part of summer (Jun–Jul), commensurate with the

stationary intense summer monsoon low pressure system

over NW India that affects the N Gulf (Figure 14(c)).

For comparison, a study by Rao et al. (2001) observed

an average number of 46 Shamal days year–1 between

1990 and 2000 in Qatar. That study suggested seasonal

differences in the number of Shamal events as well, with

51% of the total Shamal days occurring during the �rst part

of summer.

3.2.3. Dust storms and Shamal events

The average number of dust storms (visibility ≤1 km;

(Kutiel and Furman, 2003) since 1973 is 13 storms year–1,

with the �rst half of the period (1973–1991) accounting

for 76% of the dust storms (Figure 15). Furthermore, the

number of dust storms has decreased by 93% since 1973.

Moreover, between the years 1973 and 1998 a decrease

of 0.93 dust storms year–1 was observed, with a more

pronounced decrease of 2.04 dust storms year–1 from 1982

to 1998. This trend reversed between 1998 and 2010, and

the number of dust storms has increased by 0.74 events

year–1 (Figure 15). This increase is consistent with the

increase in the number of dust storms observed in Riyadh,

Saudi Arabia, during 2000–2010 as reported by the World

Meteorological Organization (2010). Moreover, this trend

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
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Figure 13. Average differences in meteorological parameters between pre-Shamal and Shamal events for winter (57 events) and summer (281 events):

(a) air temperature (Equation (10)), (b) visibility (Equation (8)), (c) relative humidity (Equation (12)), (d) barometric pressure (Equation (14)), and

(e) wind speed (Equation (6)).

Table 3. Differences in meteorological parameters between pre-

Shamal and Shamal events (1973–2012) grouped into seasons.

Meteorological
parameter

Average Std deviation

Winter Summer Winter Summer

ΔWindavr [m s–1] 2.3 2.6 2.3 1.8
(Equation (6)) (0.9,3.5) (2.2,3.1)
ΔVisavr [km] −1.8 −2.2 1.9 1.7
(Equation (8)) (–1.2,–2.6) (–2.6,–1.9)
ΔTempavr [

∘C] −1.5 0.8 2.3 1.7
(Equation (10)) (–2.8,–0.3) (0.4,1.2)
ΔHumr avr [%] −7.5 −3.8 4.4 2.5
(Equation (12)) (–13.1,–0.4) (–7.1,–1.8)
ΔPresavr [mbar] 7.8 −0.6 5.5 2.7
(Equation (14)) (2.1, 14.6) (–1.5,–0.1)

95% bootstrap con�dence intervals are given in parentheses.

is similar to that of the number of Shamal days, with a

correlation of 0.42 (0.30, 0.62) between the number of

Shamal days per year and number of dust storms per year

(Figure 14(a)).

We note that dust storms in the region are not always

associated with Shamal events. They may result also from

local, short period, unstable weather systems that advect

dust from the drywash regions of Iraq or the eastern deserts

of Saudi Arabia (Kutiel and Furman, 2003). Between 1973

and 2010, observations indicate that only 38% of the 495

dust storms formed during Shamal events. The observed

dust storms during the study period exhibited wind speeds

up to 13m s–1, caused abrupt drops in air temperature of

1.0∘C (0.4, 1.7) in an hour, and reduced visibility to an

average of 0.78 km (0.69, 0.85).

Similar to Shamal events, there were seasonal differ-

ences in the frequency of dust storms, with the highest

number of storms observed during summer with an aver-

age of 7 storms, compared to only 1 dust storm per win-

ter (Figure 15). The lower values during winters are a

result of weaker average wind speeds (3.7m s–1) and the

Mesopotamian �oodplain being more resistant to wind

erodibility due to relatively high (880m3 s–1) river dis-

charge from the Euphrates, Tigris, and other streams. In

the summer, average wind speed is higher (5.3m s–1),

while river streams dry out due to lower fresh water dis-

charge (350m3 s–1) (Iraq Foundation, 2003) resulting in

a dry surface layer that is more susceptible to erosion by

winds.

4. Summary and conclusions

This study focused on climate variability over a period of

40 years (1973–2012) in the N Gulf, based on observa-

tions at Kuwait, Bahrain, and NE Saudi Arabia, and the

relation of Shamal events and teleconnection patterns to

this variability. Results of our study indicate that over the

last 40 years the climate in the region experienced a general

trend of:

• Increase in temperature of 0.8∘C (0.4, 1.6);

• Decrease in barometric pressure of 0.8 mbar (0.4, 1.6);

• Reduction in humidity of 5.6% (1.2, 9.6);

• Decrease in visibility of 0.8 km (0.4, 1.6).

Variability observed in air temperature, barometric pres-

sure, and precipitation throughout the study period is sug-

gested to be in response to the three teleconnection patterns

NAO, ENSO, and IOD impacting the region. This conclu-

sion is supported by signi�cant (pvalue < 0.05) correlations,

© 2015 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. (2015)
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as well as positive Ns coef�cient of ef�ciency values

between these three meteorological parameters and the

teleconnection patterns indices.

Visibility variability was mainly in response to the wind

speed and precipitation in the region. Furthermore, it is

suggested that the result of anthropogenic activity distur-

bances to about a quarter of the pavement of desert areas,

resulting frommilitary activity during the 1990–1991Gulf

War and ‘Operation Iraqi Freedom’ in 2003, has further led

to a decrease in visibility.

Relating Shamal events to climate variability necessi-

tates an operational de�nition of such events, however, we

could not �nd a standard and agreed upon de�nition of a

Shamal in the literature. Thus, we de�ned a Shamal day in

the present study as a WNW-N (287∘ < direction < 360∘)

wind with an hourly average speed ≥9.85m s–1 blowing

during at least 3 h day–1. Two consecutive Shamal days

are required for a Shamal to be classi�ed as a Shamal

event. On the basis of this de�nition, and comparison to

pre-Shamal conditions, Shamal events were found to cause

abrupt changes in meteorological parameters: an increase

in wind speed of 2.7m s–1 (0.4, 5.8), an increase in tem-

perature during summer of 0.8∘C (0.4, 1.2), and a decrease

of 1.5∘C (0.3, 2.8) during winter, a decrease in baromet-

ric pressure during summer of 0.6 mbar (0.1, 1.5) and a

increase of 7.8 mbar (2.1, 14.6) during winter, a decrease

in visibility of 1.7 km (1.1, 4.9), and reduction in humidity

of 4.3% (6.9, 25.0). A total of 421 Shamal events, com-

promised of 1165 days, occurred during the study period,

with 77% of Shamal days occurring in the summer season.

The overall number of Shamal event days has decreased

by 46% between 1973 and 2012. However, further analy-

sis suggests an increase of 1.63 Shamal days year–1 in the

last 15 years of the study period. Similarly, the number of

dust storms has also increased between 1998 and 2010 at a

rate of 0.74 dust storm events year–1. Results of this study

encourage future observational and numerical studies of

the Gulf’s response (physically and biologically) to local

weather events, e.g. dust storms, as well as teleconnection

patterns.

Furthermore, the signi�cance of Shamal events through

their effect on the momentum and heat exchanges at the

air–sea interface has motivated a detailed observational

meteorological (surface shortwave/longwave radiation, air

temperature, SST, humidity, barometric pressure, andwind

speed/direction) and oceanographic (currents, tempera-

ture, salinity, and dissolved oxygen structures) study in the

NGulf. This study, which is currently in progress, is focus-

ing on the winter, and fall, and spring transition periods.

Acknowledgements

We thank Mr. Hassan Dashti, Mr. Mohamed Karam, and

Mr. Nawaf Hassan of the Kuwait Meteorological Of�ce

for providing the observational data. We also thank NCEP

and ECMWF-IFS for providing online access to reanalysis

data. We are also grateful to NOAA-NCDC, NOAA-CPC,

and JAMSTEC for the online teleconnection pattern data.

This study was partly funded by the Kuwait Founda-

tion for the Advancement of Sciences, project number

2012-6401-03. We are further grateful to the three anony-

mous referees for their constructive comments.

Appendix

Dust aerosol optical properties at 550 nm wavelength

(Benedetti et al., 2009).

Dust type �ei [m
2 g–1] � g

0.03–0.55 μm 2.6321 0.9896 0.7300
0.66–0.90 μm 0.8679 0.9672 0.5912
0.90–20.0 μm 0.4274 0.9441 0.7788
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