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fDepartment Geology and Geophysics, King Saud University, Riyadh, Saudi Arabia

*Correspondence to: A. J. de Vries, Atmospheric Chemistry, Max Planck Institute for Chemistry, Hahn-Meitner-Weg 1, DE-55128,
Mainz, Germany. E-mail: a.devries@mpic.de

Extreme precipitation in the arid Middle East can cause flash floods with dramatic
societal impacts. This study investigates the synoptic-scale dynamics of three extreme
precipitation events that occurred in Saudi Arabia in autumn, winter and spring. Using ERA-
Interim reanalysis, soundings and observational precipitation data, we study precipitation
characteristics, the synoptic circulations, moisture transport pathways and forcing
mechanisms for upward motion. All three cases involved strong tropical–extratropical
interactions whereby midlatitude forcing instigated an incursion of tropical moisture
over the Arabian Peninsula that fuelled the heavy rainfall. In each case, a midlatitude
upper-level trough, associated with anticyclonic Rossby wave breaking, intruded into
the subtropics. The phase relationship between this trough and the tropical low-level
circulation was consistent with wave amplification through baroclinic growth. Eulerian and
Lagrangian analyses reveal moisture transport from nearby and remote tropical regions,
leading to above-normal tropospheric moisture content over Saudi Arabia. The autumn
case (November 2009) showed a transient midlatitude upper-level trough that interacted
with the climatological Red Sea Trough near the surface, being an ‘Active Red Sea Trough’
event. The winter case (January 2005) resembled tropical plume-like characteristics and
demonstrated the coupling of a midlatitude cyclone and the equatorial low-pressure zone
over Africa, an intensified subtropical jet stream, and pronounced moisture fluxes at middle
and upper levels. The spring case (April–May 2013) involved a quasi-stationary cut-off low
and persistent advection of low-level moist air masses, partly from the south Indian Ocean
through cross-equatorial flow. The forcing of ascent was associated with low-level moisture
convergence and decreased static stability (autumn case), dynamical lifting (winter case),
strong surface sensible heating (spring case), and orographic lifting (all cases), favouring
the build-up and release of potential instability. We discuss the three cases from a seasonal
perspective and present a synthesis of their common key synoptic features.
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1. Introduction

The Middle East is characterised by a hot and arid desert
climate (Kottek et al., 2006), making its population vulnerable to
climate change and severe weather events (Lelieveld et al., 2012,
2013). In Saudi Arabia, extreme precipitation has frequently

led to flooding with loss of human life, injuries, evacuations
and extensive damage to infrastructure and property (Table 1).
For instance, in November 2009, flash floods inundated Jeddah,
resulting in 161 deaths, about 10 000 people affected and an
estimated damage of about US$ 900 million. These dramatic
societal impacts of flooding motivate our study of the atmospheric
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Table 1. Floods and their societal impacts in Saudi Arabia (Emergency Events Database, 2013; unpublished data, provided by Centre for Research on the Epidemiology
of Disasters).

Number Year Month Days Disaster type Disaster subtype Location Deaths Total affected
people

Estimated
damage US$ (M)

1 1964 Apr 4 Flood Flash flood Najran 20 1000 0
2 1985 Dec 24 Flood – North West 32 5000 450
3 2002 Apr 8–13 Flood General flood Makkah region 19 0 0
4 2003 Aug 8–12 Flood General flood Jizan province 0 13 000 0
5 2003 Nov 11 Flood General flood Makkah 12 50 0
6 2004 Apr 14–16 Flood General flood Jizan region 5 430 0
7 2005 Jan 22–27 Flood Flash flood Al Madinah region 29 67 0
8 2005 Apr 28 Flood Flash flood Asir Jeddah regions 34 0 0
9 2009 Nov 24–26 Flood General flood Jeddah Makkah 161 10 000 900
10 2010 Jul 10–12 Flood General flood Najran Al Lith Al Qunfidhah Jizan 10 85 0
11 2010 Jul 23–25 Flood General flood Asir Jizan Najran provinces; Taif 14 0 0
12 2011 Jan 25–31 Flood General flood Jeddah 11 0 300
13 2012 Apr 14–18 Flood General flood Western regions 19 0 0
14 2013 May 2 Flood General flood Bishah region 20 0 0

The events in bold refer to the selected cases analysed in this study, and the locations of the affected regions are indicated in Figure 1.

environment in which these extreme precipitation events occur.
Such understanding is of crucial importance for improving
weather forecasting and for establishing early warning systems to
alleviate the potential impacts of flash floods, and will also benefit
research on the climate and rainfall characteristics of the region.

The atmospheric circulation and associated rainfall over the
Middle East exhibit strong seasonality. In summer, the large-scale
circulation over the entire region is dictated by the South Asian
monsoon, imposing middle- and upper-level subsidence over the
Middle East and eastern Mediterranean (Rodwell and Hoskins,
1996; Tyrlis et al., 2013). As a consequence, upward motion and
precipitation over the Arabian Peninsula are suppressed during
summer, except for the southwestern mountainous area where
convective activity over the local topography can cause rainfall
(Abdullah and Almazroui, 1998).

During boreal autumn, winter and spring, midlatitude cyclonic
disturbances can intrude into the Middle East. In combination
with the low-level northward advection of warm, moist air from
nearby tropical waters, this can lead to a destabilized troposphere
and rainfall over the Arabian Peninsula (Barth and Steinkohl,
2004; Evans et al., 2004; Chakraborty et al., 2006; Evans and
Smith, 2006; Nazemosadat and Ghaedamini, 2010; Kumar et al.,
2015). During these seasons, the climatological synoptic-scale
circulation is dominated by an inverted low-level trough with
subtropical anticyclones at both flanks (Figure 1). The low-level
trough expands northward from the tropical low-pressure zone
over equatorial Africa across the Red Sea region and is usually
referred to as the Red Sea Trough or Sudan Low (e.g. Alpert et al.,
2004a, 2004b; Tsvieli and Zangvil, 2005). Its formation can be
attributed to the interaction between the easterly low-level flow
and the topography in the Red Sea region (De Vries et al., 2013
and references therein). The subtropical anticyclone at the eastern
flank of the Red Sea Trough is located over the Arabian Peninsula
and the Arabian Sea at lower- and middle-tropospheric levels and
is known as the Arabian anticyclone (Raziei et al., 2012; De Vries
et al., 2013).

Extreme precipitation events in semiarid and arid subtropical
regions often result from tropical–extratropical interactions.
Numerous studies investigated the dynamics of such extreme
events in subtropical regions, including southwestern North
America, northwestern Africa, South Africa, Pakistan and the
Levant (Dayan et al., 2001; Ziv, 2001; Knippertz et al., 2003;
Knippertz, 2005; Knippertz and Martin, 2005, 2007a; Ziv et al.,
2005; Hart et al., 2010; De Vries et al., 2013; Martius et al., 2013).

Regarding the Arabian Peninsula, torrential rainfall in its
central part in the winter season is associated with potential
vorticity (PV) intrusions, upper- and lower-level cyclonic
circulations and enhanced tropospheric moisture content (Kumar
et al., 2015). Recently, extreme precipitation and flooding events
in the Jeddah region received increased attention in modelling
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Figure 1. The Middle East region with topography from ERA-Interim data (m).
The climatology (October–April; 1979–2012) of the mean-sea-level pressure
(solid red contour lines at 1010, 1012 and 1014 hPa) and 850 hPa geopotential
height (dashed blue contour lines at 1515, 1520 and 1525 gpm) depict the features
of the Red Sea Trough (‘L’) and Arabian anticyclone (‘H’), respectively. The
locations of the regions affected during the three cases are indicated by stars.

studies (Haggag and El-Badry, 2013; Deng et al., 2015) and
diagnostic analyses (Al-Khalaf and Basset, 2013), while De Vries
et al. (2013) addressed the Jeddah flooding of November 2009
in the context of the Active Red Sea Trough phenomenon.
These studies described synoptic and mesoscale conditions: a
cold midlatitude upper-level trough that merged with the Red
Sea Trough, a stationary Arabian anticyclone which favoured
moisture transport over the Arabian and Red Seas towards Jeddah,
low-level convergence, upslope winds over the coastal zone and
deep moist convection.

Apart from these studies, extreme precipitation events in Saudi
Arabia and their underlying dynamics have not been investigated
and are thus largely unexplored. This article presents a multiple-
perspective analysis of three extreme precipitation cases in Saudi
Arabia. The focus of this work is on the larger-scale circulations
that govern the three extreme precipitation events. This approach
follows the widely accepted perspective that large-scale processes
generate the tropospheric environment that is conducive for
development of convective storms (Doswell, 1987; Dayan et al.,
2015). Mesoscale processes are for this reason, along with the
lack of available data at these scales, only briefly discussed in this
article.
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This study complements previous work on the Jeddah flooding
of November 2009 by using a combination of diagnostic
techniques to elucidate the dynamical processes of this specific
case. We quantify circulation anomalies and dynamical lifting,
discuss synoptic-scale dynamics from a PV perspective, calculate
backward trajectories to study moisture pathways, and adopt
sounding data to gain insight into the local tropospheric
stratification and moisture profiles. Furthermore, the same
framework is used to examine two additional cases that have not
been previously investigated. The choice for these three events
is motivated by their severe societal impacts, as emphasised
in Table 1, and their occurrence in different seasons, that is,
autumn, winter and spring. Although extreme precipitation and
floods have also occurred during summer (Table 1), we do not
include a summer case since such events are typically associated
with tropical dynamics and the intertropical convergence zone
(ITCZ). Finally, the three cases are discussed from a seasonal
perspective that will link their different characteristics to the
seasonal variability of the large-scale circulation over the region.

The organisation of the article is as follows. Section 2 describes
the datasets and diagnostics used to study the precipitation
characteristics, the synoptic circulation, moisture transport
pathways and forcing mechanisms of upward motion of the
three cases. We investigate the extreme precipitation events over
the Jeddah region on 25 November 2009 (section 3), northwestern
Saudi Arabia on 22 January 2005 (section 4), and the larger part
of Saudi Arabia during late April and early May 2013 with the
focus on southwestern Saudi Arabia on 1 May 2013 (section 5),
hereafter referred to as the November, January and April–May
cases, respectively. Section 6 discusses the three cases in a seasonal
context. Finally, in section 7, we present the conclusions and
synthesise the three cases by identifying their common key
synoptic-scale features.

2. Data and methods

2.1. Employed datasets

We used ERA-Interim reanalysis data, precipitation observations,
satellite imagery and sounding data. The ERA-Interim dataset
of the European Centre for Medium-range Weather Forecasts
(ECMWF) is produced by the Integrated Forecast System at
the spectral resolution of T255L60 and spanning the years
from 1979 until near-real-time (Dee et al., 2011). We utilized
6-hourly analysis and forecast fields on surface, pressure, and
isentropic levels to produce synoptic charts and to calculate time
series based on arithmetic means over grid points in defined
domains. Furthermore, the ERA-Interim data were employed
for the calculation of normalized anomalies, backward air parcel
trajectories and dynamical lifting (sections 2.2–2.4).

Precipitation observational data from stations and satellites
provide insight into the temporal and spatial distribution of the
rainfall, and their amounts highlight the extreme nature of the
events. We employed 3-hourly and daily gridded rainfall estimates
from the Tropical Rainfall Measuring Mission Multisatellite
Precipitation Analysis (TMPA) 3B42 product, research version
7, at a high spatial resolution (0.25◦ × 0.25◦) with a quasi-
global coverage (50◦N–50◦S), starting in 1998 (Huffman et al.,
2007). The TMPA 3B42 product (hereafter TRMM) is based
on calibrated and combined multiple independent microwave
and infrared sensor data, and is adjusted to monthly rain-gauge
measurements.

We also included surface precipitation observations from
37 stations in Saudi Arabia from the National Climatic Data
Center (NCDC) Global Summary of the Day (GSOD) dataset
version 7, derived from sub-daily or hourly station observations∗.
Unfortunately, the station records have time series with missing

∗Available at http://www.ncdc.noaa.gov/, accessed 11 November 2014.

data and interruption periods, in particular for the January
case, and thus the data should be interpreted with caution.
Furthermore, we used Meteosat geostationary satellite images
from the Dundee Satellite Receiving Station† to explore cloud
characteristics. Sounding data from the University of Wyoming‡

provide insight into the local vertical structure of the troposphere
during the extreme rainfall events.

2.2. Synoptic circulation and normalized anomalies

We produced synoptic charts of the upper-level and low-level
troposphere to identify the relevant features in the large-scale
flow. In addition, normalized anomalies were calculated using
the long-term (1979–2013) 21-day running mean and standard
deviation (STD) values of daily means, subtracting the seasonal
cycle, following Hart and Grumm (2001), Moore et al. (2012),
and Galarneau et al. (2012):

N = (X − μ)

σ
, (1)

where X is the daily mean value of the variable,μ the climatological
mean value and σ the STD of the daily mean. The normalized
anomalies provide a quantification of how unusual the large-scale
flow was in a climatological context and help to identify the
relevant processes in the synoptic-scale circulation.

2.3. Moisture pathways and air parcel trajectories

Moisture transport pathways are studied in Eulerian and
Lagrangian frameworks. Using ERA-Interim data, we computed
vertically integrated horizontal water vapour fluxes (IVFs) over
different ranges of pressure levels:

IVF = 1

g

∫ Ptop

Pbottom

qv dp, (2)

where g is the gravitational acceleration, q the specific humidity,
and v the horizontal wind.

Backward trajectories were calculated from defined target
areas based on 6-hourly ERA-Interim data on a regular
grid (1◦ × 1◦) and model levels between the surface and
200 hPa, using the Lagrangian analysis tool (LAGRANTO) model
(Wernli and Davies, 1997; Sprenger and Wernli, 2015). We
selected trajectories that are relevant for moisture transport
pathways using relative humidity (>80%) and moisture flux
(>100 g kg−1 m s−1) thresholds, applied to air parcels at the
initial time of the trajectory calculations. The first criterion
is used to identify air parcels that are likely to contribute
to precipitation (Sodemann et al., 2008; Piaget et al., 2015).
The second criterion, following studies that addressed tropical
moisture export (Knippertz et al., 2013), identifies air parcels that
bring significant amounts of moisture into the area of interest, and
is applied only for the November and April–May cases since ERA-
Interim strongly underestimates precipitation amounts in these
cases (sections 3.1 and 5.1). Meteorological variables were traced
along subsets of trajectories to provide insight into atmospheric
processes and the moisture budget along their pathways. It should
be noted that there are potential limitations to the validity of the
trajectory calculations which are inherent to the resolution of
the ERA-Interim data, in particular for trajectories that pass
through regions of strong convection where air masses can
undergo deep and rapid mixing. This caveat should be borne
in mind when interpreting the results from the Lagrangian
analysis.

†Available at http://sat.dundee.ac.uk/, accessed 18 December 2013.
‡Available at http://weather.uwyo.edu/upperair/sounding.html, accessed 15
December 2014.
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(a) (c)
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Figure 2. Meteosat Visible and Infrared Spin-Scan Radiometer (VISSR) images, channel 3 (range of 5.7–7.1 μm; mid-IR/water vapour), on (a) 0600 UTC 25
November 2009, (b) 0600 UTC 22 January 2005, and (c) 1200 UTC 1 May 2013.

2.4. Forcing of ascent and dynamical lifting

The quasi-geostrophic omega equation has been used in previous
studies of extreme precipitation to estimate the contribution
of the balanced dynamics to upward motion in the region of
precipitation (Knippertz and Martin, 2005, 2007a; Hart et al.,
2010; Martius et al., 2013). In this study, we employed the omega
equation under alternative balance (Davies-Jones, 1991). This
approach diagnoses vertical motion from the non-divergent wind
instead of the geostrophic wind and can thus be considered more
accurate, in particular in the vicinity of upper-level troughs where
the flow exhibits strong curvature and the Rossby number is
relatively large. The alternative-balance omega equation reads
(Riemer et al., 2014):

∇p· (σ∇pω) + f 2
0

{
∂2ω

∂p2
− 1

p

cv

cp

(
∂ω

∂p
+ ω

p

)}
= −2∇p· QAB,

(3)

with

QAB = −∇pvψ · ∇pα, (4)

where ∇p is the horizontal gradient on pressure levels, ω the
vertical velocity (balanced omega), vψ the non-divergent wind,
f 0 the constant Coriolis parameter, and cv and cp the specific
heats of dry air at constant volume and pressure, respectively.
Furthermore, σ = −α0θ0

−1 ∂θ0/∂p and α = θ Rp−1(p/p0)κ where
R is the gas constant of dry air, κ = R/cp, and α0 and θ0 denote
the reference vertical profiles of specific volume and potential

temperature, respectively. The omega equation was applied on
ERA-Interim data for the domain (9.5–40.5◦N, 10–70◦E) and
the isobaric surfaces between 900 and 1 hPa. Hereafter, we refer
to balanced upward motion as dynamical lifting.

We also explored the orographic influence and susceptibility
of the atmosphere to deep moist convection. Based on sounding
data from the Jeddah (November case), Al Madinah (Medina)
(January case), and Abha (April–May case) stations and satellite
data, some inferences can be made about the potential mesoscale
organisation of the precipitating systems. Clearly, however, the
ERA-Interim data do not resolve this scale and our analysis is
limited in this regard.

3. Flooding of Jeddah in November 2009

3.1. Precipitation characteristics

Satellite images demonstrate a large quasi-stationary mesoscale
convective system over the Jeddah region on 25 November 2009
from 0000 to 1200 UTC, depicted at 0600 UTC in Figure 2(a).
The storm produced localized extreme precipitation over Jeddah
(Figure 3). Rainfall maxima from TRMM exceeded 80 mm day−1

(Figure 3(b)) and the Jeddah station in the GSOD data observed
70 mm (Figure 3(c)), surpassing the annual mean of 52.1 mm
(Almazroui et al., 2012). Precipitation in ERA-Interim agrees
fairly well with TRMM estimates in terms of timing and
spatial distribution (Figure 3(a,b,d), see also Figure 7(e)), but
underestimates rainfall amounts over the Jeddah region on 25
November by more than a factor 2 (Figure 3(d)).

The extreme character of the Jeddah flooding was also
emphasised by Haggag and El-Badry (2013), reporting a station in

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)
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Figure 3. Daily accumulated precipitation (mm) on 25 November 2009 in (a) ERA-Interim, (b) TRMM, (c) GSOD station data, and (d) the time evolution of
domain-averaged daily precipitation in ERA-Interim and TRMM over the grid points in the box (38–42◦E, 20–24◦N) depicted in (a) and (b). Missing values in
GSOD data in (c) are indicated by black circles. The Jeddah station (410240), indicated in (c), measured 70 mm rainfall. The grey shading in (d) emphasises the day of
interest.

Jeddah that measured 180 mm rainfall from 24 to 26 November
2009, being more than threefold the local annual mean, while
their mesoscale model simulated rainfall in excess of 400 mm
over the same time span over the most strongly affected parts of
Jeddah.

3.2. Synoptic circulation

Preceding the Jeddah flooding, amplification of the midlatitude
Rossby wave pattern occurred in the far upstream region over the
North Atlantic, resulting in anticyclonic Rossby wave breaking§

(Thorncroft et al., 1993) and cut-off low formation along the
northwestern coast of Africa (not shown). Subsequently, the
cut-off low travelled eastward over North Africa (Figure 4(a,j)).
The cut-off low was entrained within the large-scale trough
over the eastern Mediterranean on 24 November, followed
by another anticyclonic Rossby wave breaking event over the
Middle East on 25 November (Figure 4(b,c,k,l)). The associated
midlatitude upper-level trough intruded far into low-latitudes
over northeastern Africa (Figure 4(c)). Farther downstream and
near the surface, the Red Sea Trough amplified northward and
the Arabian anticyclone intensified on 24 and 25 November
(Figure 4(d–i)), which will be shown to be important for moisture
transport.

Normalized anomalies in the mean-sea-level pressure exceeded
1.5 STD below normal over the Red Sea region on 24 and 25
November, and emphasize the northward amplification of the
Red Sea Trough (Figure 4(d–f)). In the 500 hPa geopotential
height, normalized anomalies exceeded 1.5 STD below normal
over northeastern Africa on 25 November, and highlight the

§Anticyclonic wave breaking, also referred to as LC1 wave breaking, is
characterized by warm air located poleward of cold air together with
northeast–southwest tilt of the trough–ridge pair.

equatorward intrusion of the midlatitude trough (Figure 4(a–c)).
The synoptic circulation was thus characterized by an unusual,
but not extreme, deviation from climatology. Nevertheless,
these normalized anomalies reveal that the Red Sea Trough
amplification occurred upon arrival of the midlatitude trough
over northeastern Africa, indicating an important interaction
between the upper-level and lower-level circulations.

This interaction can be understood from a PV perspective
whereby an upper-tropospheric PV maximum is located upstream
of a lower-tropospheric potential temperature maximum
(Hoskins et al., 1985). Figure 4(j–l) clearly reveals this phase-
relationship between the upper-level PV maximum over
northeastern Africa and the lower-level potential temperature
maximum downstream over the Red Sea region, which suggests
that the anomalies in Figure 4(a–f) developed through baroclinic
growth. Thus, the transient midlatitude upper-level trough that
arose from anticyclonic Rossby wave breaking interacted with
the climatological Red Sea Trough near the surface, and was
instrumental for guiding the moist air masses towards Jeddah, as
will be discussed in section 3.3.

3.3. Moisture transport pathways

In autumn, moist tropical air masses usually travel westward over
the Arabian Sea, curve northward across the Red Sea region,
and then return towards the Tropics over equatorial Africa,
following the climatological easterly low-level circulation (De
Vries et al., 2013). During the November case, however, the
particular configuration of the synoptic circulation deflected
the moist air flow towards the Arabian Peninsula. The average
IVFs between 1000 and 300 hPa during 23–25 November 2009
demonstrate enhanced moisture transport over the Arabian and
Red Seas towards Jeddah, leading to anomalous total column
water (TCW) amounts over the Jeddah region (>2 STD) and

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)
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Figure 4. (a)–(c) Geopotential height (shaded, gpm) and wind vectors (m s−1) at 500 hPa, (d)–(f) mean-sea-level pressure (shaded, hPa) and 10 m wind vectors
(m s−1), (g)–(i) geopotential height (shaded, gpm) and wind vectors (m s−1) at 850 hPa, and (j)–(l) PV (shaded, PVU) with the 2 PVU contour (thick black line)
at 330 K and the 294 K potential temperature contour (thick grey line) at 925 hPa. The panels show 6-hourly data (1200 UTC) for PV and daily means for all other
variables at (left) 23, (middle) 24, and (right) 25 November 2009. Normalized anomalies of mean-sea-level pressure in (d)–(f) and geopotential height in (a)–(c) and
(g)–(i) are displayed in thick contours at 1, 1.5, 2, 3 and 4 STD in grey solid lines (positive values) and black dashed lines (negative values); see the text for details. The
positions of the upper-level trough (ULT), Red Sea Trough (RST), Arabian anticyclone (AA) and anticyclonic Rossby wave breaking (LC1) are indicated.

the interior of the Arabian Peninsula (>3 STD) on 25 November
(Figure 5). Previous studies demonstrated that the moisture
transport was predominantly confined to lower-tropospheric
levels over the warm sea waters (De Vries et al., 2013; Haggag and
El-Badry, 2013), favoured by the intensified Arabian anticyclone
(>1 STD) on 24 and 25 November 2009 (Figure 4(h,i)).

We calculated backward trajectories, started at 1200 UTC
25 November 2009, from all grid points in the box (38–42◦E,
20–24◦N) as depicted in Figure 3(a,b). Air parcels with a relative
humidity >80% or moisture flux >100 g kg−1 m s−1 at the initial
time are retained to select the trajectories that contributed to
precipitation or brought substantial moisture amounts into
the region of interest. These air parcels were predominantly
advected over the Arabian and Red Seas where their moisture
content increased significantly (Figure 6(a)). The trajectories
were calculated for a relatively long period (168 h) back in time
as the wind velocities were relatively weak and loss of moisture
was little since only minimal precipitation occurred along their
pathways (not shown).

The backward trajectories were subjectively subdivided into
three different branches with distinct origins and pathways.
One bundle of trajectories originated over the northern Arabian

Peninsula (Box A in Figure 6(a)), reaching across the northern Red
Sea where strong evaporation led to a rapid increase in the mean
specific humidity from 7 up to 15 g kg−1 during the 72 h prior
to arrival over the Jeddah region (Figure 6(b)). A second cluster
of initially dry air parcels passed over the Arabian Peninsula at
middle levels (Box B in Figure 6(a)), progressed in a descending
anticyclonic motion over the Gulf of Aden into the southern
Red Sea basin, and gained humidity at lower-tropospheric levels
over the sea surface during the 72 h before reaching Jeddah
(Figure 6(c)). Apart from the nearby Red Sea, moisture from
the remote Arabian Sea also reached the target area. Air parcels
that resided at lower-tropospheric levels over the Arabian Sea
(Box C in Figure 6(a)) already contained large mean absolute
moisture amounts (6.5 g kg−1) at −168 h that further increased
up to 15.5 g kg−1 along their pathways over the Gulf of Aden
and the Red Sea (Figure 6(a,d)). Loss of moisture along these
trajectory branches was negligible since minimal precipitation
was observed along their pathways (not shown).

Accordingly, the Lagrangian analysis reveals that most of the
moisture was collected over the warm surface of the Red Sea, while
some moisture also originated from the Arabian Sea. Importantly,
the trajectory bundles approached Jeddah from the north and

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)



Dynamics of Extreme Precipitation Events in Saudi Arabia

south (Figure 6(a)), respectively, and imply low-level moisture
convergence over the region, in agreement with previous work
(Al-Khalaf and Basset, 2013; Haggag and El-Badry, 2013; Deng
et al., 2015). The confluence of low-level moist air masses resulted
from the coupling of the midlatitude and tropical circulations,
and supported the heavy rainfall over Jeddah.

3.4. Upward motion

The coexistence of the anticyclonic circulation over the
Arabian Peninsula and the cyclonic circulation over the eastern
Mediterranean (Figure 4(h,i)) steered a southwesterly low-level
flow against the topographic barrier along the Red Sea coast,
resulting in orographic lifting of the moist air masses (Figure 7(c)).
In agreement with previous work, this suggests that orographic
influence was important for the forcing of upward motion
(Haggag and El-Badry, 2013).

At 1200 UTC 25 November, an upper-level trough dominated
over the region of interest, accompanied by relatively weak
upward motion on its eastern flank (Figure 7(a)). Balanced
omega at 500 hPa demonstrates a roughly similar spatial structure
compared to the 500 hPa total omega in ERA-Interim data;
however, its maximum (–15 Pa s−1) is substantially weaker and
slightly displaced to the north compared to the maximum in
the 500 hPa total omega (–0.5 Pa s−1). Accordingly, dynamical
lifting was not the primary contribution to the strong localized
upward motion over the Jeddah region; however, it may have
indirectly contributed through a reduction of the static stability.
The static stability between 850 and 500 hPa, averaged over the
region of interest, decreased between 0000 UTC and 1800 UTC
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Figure 5. Magnitude (shaded) and direction (vectors) of IVFs (kg m−1 s−1)
averaged over 23–25 November 2009 over pressure levels from 1000 to 300 hPa.
The thick grey contour lines depict the normalized anomalies of TCW at 2 and 3
STD above normal at 25 November 2009.

24 November from 0.0054 to 0.0043 K m2 kg−1, corresponding to
a reduction of about 20%.

A build-up of convective available potential energy (CAPE)
is found in ERA-Interim data towards 1200 UTC 25 November
(Figure 7(d)) with very high values exceeding 3400 J kg−1 just to
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Figure 6. The 168-hour backward trajectories started at 1200 UTC 25 November 2009 from all grid points in the box depicted in Figure 3(a,b) between surface and
200 hPa and with a relative humidity >80% or moisture flux >100 g kg−1 m s−1 at t = 0. (a) depicts the specific humidity (g kg−1) along the trajectories in colours
and the surface evaporation (mm day−1), averaged over the duration of the trajectories, in grey shading. Open circles denote the start points and filled circles the end
points of the trajectories, and small filled circles are plotted at –72 h. Meteorological variables along trajectories from (a) are displayed for subsets of air parcels that
(b) are located in box A (35–44◦E, 28–33◦N) at −168 h, (c) cross box B (45–55◦E, 18–22◦N) at any time, and (d) are located in box C (54–67◦E, 10–21◦N) with
pressure >750 hPa at −168 h. (b)–(d) demonstrate the mean (thick lines) and spread (shaded intervals), determined by the minimum and maximum values at each
time step, of the pressure (hPa) in black and grey, relative humidity (%) in green and light green, and specific humidity (g kg−1) in red and light red along the subsets
of trajectories. The numbers of trajectories are stated in each panel, in (b)–(d) followed by their percentage of the selected trajectories as in (a) in brackets, and in (a)
followed by the number of total calculated trajectories in brackets.
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Figure 7. At 1200 UTC 25 November 2009: (a) total omega (Pa s−1; red colours denote ascent), balanced omega, detailed in the text, in thick dashed black (negative
values) and grey (positive values) contours at 0.05 Pa s−1 intervals, and geopotential height contours (thin lines at 40 gpm intervals) at 500 hPa, (b) CAPE (J kg–1) +12 h
forecast at 0000 UTC 25 November 2009 and TCW (contours at intervals of 4 kg m−2, starting at 28 kg m−2), and (c) vertical cross-section (21.7◦N) of relative
humidity (%) and wind vectors (m s−1) with the vertical component scaled by a factor ×100. The temporal evolution of (d) CAPE (J kg−1) and precipitable water
(mm) in sounding data from the Jeddah station (39.18◦E, 21.7◦N, 17 m; see the grey marker in (b)), and in ERA-Interim, at the corresponding location, CAPE (J kg−1)
+6 and +12 h forecasts at 0000 and 1200 UTC, and the instantaneous and long-term (1979–2013) 21-day running mean of TCW (mm), and (e) the domain averaged
precipitation (mm) derived from +6 to +12 h forecasts in ERA-Interim and 3-hourly data in TRMM. In (f), the vertical profile of equivalent potential temperature
(K), relative humidity (%) and mixing ratio (g kg−1) in the sounding data of the Jeddah station at 0900 UTC 24 November (solid lines) and 1200 UTC 25 November
2009 (dashed lines and wind barbs). The domain averages in (e) are calculated over the grid points in the box as in Figure 3(a,b) which is for clarity also depicted in
grey in (a). The grey shading in (d)–(e) emphasises the day of interest.

the north of Jeddah (Figure 7(b)). Interestingly, in the sounding
data of the Jeddah station, high CAPE values (>2500 J kg−1) at
0900 UTC and 2100 UTC 24 November were followed by a very
low CAPE value at 1200 UTC 25 November, demonstrating the
release of CAPE during the period with the most heavy rainfall in
ERA-Interim and TRMM data (Figure 7(d,e)). Thus, the reduced
static stability and enhanced tropospheric moisture content
over Jeddah, locally reaching up to 40 kg m−2 (Figure 7(b,d)),
promoted favourable thermodynamic conditions for deep moist
convection.

The sounding profile at 0900 UTC 24 November reveals
that the lower troposphere was characterized by high water
vapour mixing ratio (16 g kg−1) and relative humidity (>90%).
Large potential instability is evident as the equivalent potential
temperature decreased from 353 K near the surface to a minimum
of 316 K at 654 hPa (Figure 7(f)). By 1200 UTC 25 November,
the profile was roughly moist adiabatic, indicating that the
potential instability was largely released (Figure 7(f)). Most likely,
orographic lifting of the westerly flow over the mountainous
Red Sea coast (Figure 7(c)) led to parcel saturation and the
release of potential instability, supporting the formation of the
mesoscale convective system over Jeddah as observed in satellite
imagery (section 3.1). This formation was likely favoured by
strong vertical wind shear (26.5 m s−1 between 17 m ASL and
4179 m ASL) found in sounding data (Figure 7(f)), which is

associated with development of supercell storms (Holton, 2004).
Furthermore, the strong low-level moisture convergence (see
section 3.3) may have sustained the deep moist convection.

In summary, the interaction between the midlatitude
and tropical circulations resulted in enhanced moisture
transport towards the Jeddah region. Locally, low-level moisture
convergence, reduction of static stability, and orographic lifting
favoured the build-up and release of potential instability,
supporting the deep moist convection and the heavy rainfall.

4. Heavy rainfall in northwestern Saudi Arabia in January
2005

4.1. Precipitation characteristics

On 22 January 2005, widespread and heavy precipitation affected
the northern parts of the Arabian Peninsula (Figure 8). TRMM
daily estimates in Figure 8(b) exceeded 60 mm day−1 over a
substantial part of Saudi Arabia, and were locally greater than
120 mm day−1 in the Al Madinah region where floods occurred
(Table 1). The amounts, spatial distribution and timing of ERA-
Interim precipitation correspond fairly well to the TRMM rainfall
estimates (Figure 8(a,b,d), see also Figure 13(e)), except for the
local maxima in the Al Madinah region.
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Figure 8. As Figure 3, but for the January case: (a)–(c) on 22 January 2005 and (d) the time evolution of domain averages over the grid points in the box (38–47◦E,
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GSOD data have strong limitations for this case as stations
reported only zero and missing values on 22 January (Figure 8(c)).
For example, the Al Madinah station indicated zero rainfall, while
the Emergency Events Database reported 29 fatalities and 67
affected persons in the region, attributed to floods (Table 1). It
should be noted though, that flags in GSOD data, not presented
in Figure 8(c), indicate missing 6-hourly reports and rain and/or
thunder for several stations in northern Saudi Arabia, including
the Al Madinah station, suggesting incomplete data records.

Satellite imagery demonstrates extensive clouds over the
Arabian Peninsula with scattered tail structures reaching from
equatorial Africa (Figure 2(b)), resembling characteristics of
tropical plumes affecting the Middle East (Ziv, 2001; Rubin
et al., 2007; Tubi and Dayan, 2014). In the next section, we will
show that not only the cloud characteristics, but also the dynamics
are similar to those of tropical plumes.

4.2. Synoptic circulation

Prior to the January case, strong midlatitude wave amplification in
the far upstream region resulted in the formation of a pronounced
block over the eastern Atlantic. Along its downstream flank, a
short-wave trough rapidly developed and intruded far into the
subtropics over North Africa (20 January), thinned substantially
(21 January), and swept over northern Saudi Arabia (22 January),
see Figure 9(a–c). Normalized anomalies in the 500 hPa
geopotential height on 21 January exceeded 4 STD below normal
and reached as far as 10◦N, highlighting the extreme nature of
the equatorward upper-level trough intrusion (Figure 9(b)). The
midlatitude trough was part of a wave train that travelled from
the midlatitudes towards the Tropics. The 500 hPa geopotential
height normalized anomalies in Figure 9(a–c) illustrate this wave
train with three centres, reaching their respective maxima over
the eastern Atlantic on 20 January (>1.5 STD above normal),
over North Africa on 21 January (>4 STD below normal) and
the Arabian Peninsula on 22 January (>2 STD above normal).

Beneath the latter anomaly, the Arabian anticyclone intensified on
21 January (>1 STD; Figure 10(a)) and promoted the poleward
transport of tropical moisture (section 4.3).

Unlike the November case, a surface cyclone formed over
the Mediterranean Sea. The cyclone approached the North
African coast and then connected with the low-pressure belt over
equatorial Africa as the pressure within the intervening region
decreased (20 January; Figure 9(d)). As a result, a low-pressure
zone formed over northeastern Africa and the Red Sea region (21
January; Figure 9(e)), followed by cyclogenesis over the Levant on
the following day (Figure 9(f)). In contrast to the Jeddah flooding
case, the normalized anomalies (Figure 9(a–c)) in the upper-
level circulation were very large (>4 STD), emphasizing that the
midlatitude forcing was very pronounced. Consistent with these
large STDs, the pressure pattern in the lower troposphere did not
exhibit the Red Sea Trough feature, but was dominated by the
coupling of the midlatitude upper-level trough and the equatorial
low-pressure zone.

Synoptic charts in a PV framework exhibit a meridionally
elongating PV streamer over northeastern Africa extending
southward to 20◦N, illustrating anticyclonic wave breaking, and a
northward amplifying low-level potential temperature maximum
farther downstream (Figure 10(b)). This phase relationship
suggests strong and rapid baroclinic wave growth throughout
the troposphere (Hoskins et al., 1985).

The dynamics of the January case show similarities to those
of tropical plumes associated with extreme precipitation over
subtropical regions: Rossby wave train propagation towards the
Tropics, anticyclonic wave breaking and the intrusion of the
upper-level trough into low latitudes (Ziv, 2001; Knippertz, 2005,
2007; Knippertz and Martin, 2005; Rubin et al., 2007; Hart et al.,
2010; Tubi and Dayan, 2014). Also consistent with tropical
plumes, the upper-tropospheric circulation exhibited poleward
outflow from the Tropics and a subtropical jet with anticyclonic
curvature, accompanied by a jet streak on the eastern flank of the
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midlatitude trough with southwest–northeast tilt and velocities
reaching over 72 m s−1 (Figure 10(c)).

4.3. Moisture transport pathways

The coupling between the midlatitude and tropical circulations
facilitated the export of tropical moisture towards the Arabian
Peninsula. During 20–22 January, enhanced IVFs are observed
over the Arabian and Red Seas, equatorial and northeastern
Africa, and the Arabian Peninsula, leading to above-normal TCW
(>3 STD) over the larger part of northern Saudi Arabia on 22
January (Figure 11(a)). Moisture fluxes in the lower troposphere
(1000–700 hPa) occurred predominantly over the Arabian and
Red Seas (not shown) and were driven by the intensified Arabian
anticyclone (Figure 10(a)). In the middle and upper troposphere
(700–300 hPa), IVFs exhibited a clear maximum on the eastern
flank of the midlatitude trough which transported the tropical
moisture over the dry planetary boundary layer across equatorial
and northeastern Africa towards the Middle East (Figure 11(b)),
being typical of tropical plumes over the region (Ziv, 2001; Rubin
et al., 2007; Tubi and Dayan, 2014).

We calculated backward trajectories from grid points in the box
(38–47◦E, 22–31◦N), as shown in Figure 8(a,b), starting at 1200
UTC 22 January. The calculations differ in some aspects from the
November and April–May cases: trajectories are calculated from
grid points at 200 km intervals since the target area is large and
only 120 h back in time as the synoptic circulation was strong and
air parcels travelled over large distances in a relatively short time
period. We retained only the trajectories with a relative humidity
>80% at the initial time as precipitation was reasonably well
represented in ERA-Interim data.

The trajectories depict a complex situation with air parcels
originating from various source regions (Figure 12(a)). We
focus on three regions that together provide the majority of
the air parcels: the eastern Mediterranean Basin, equatorial
Africa, and the Arabian and Red Seas. Air masses from the
eastern Mediterranean Basin and vicinity (Box A in Figure 12(a))
contained very low moisture amounts that only gradually
increased along their pathways over the Red Sea and Arabian
Gulf, indicating a negligible moisture contribution from the
Mediterranean Sea (Figure 12(b)). A large number of trajectories
stemmed from equatorial Africa (Box B in Figure 12(a)). The
‘mean’ air parcel from the sub-region resided at 650–700 hPa and
advected moderate moisture amounts (4–5 g kg−1) towards Saudi
Arabia (Figure 12(c)). Air masses over the Arabian Sea (Box C

in Figure 12(a)) contained large mean specific humidity amounts
(7 g kg−1) at –120 h and provided the major contribution to
precipitation as these air parcels demonstrate the largest drop in
specific humidity upon arrival over the target area (Figure 12(d)).
The majority of these trajectories reached the target area via
the Gulf of Aden and the Red Sea, where their mean moisture
content further increased up to 12 g kg−1 (Figure 12(d)). Only a
few trajectories originated in the Atlantic and West Africa and
carried little moisture at middle levels towards Saudi Arabia, while
other air parcels that held large moisture amounts remained over
the Red Sea until intruding into Saudi Arabia, not detailed in
Figure 12. As for the November case, negligible precipitation
along the trajectory bundles indicates minimal loss of moisture
along their pathways (not shown).

4.4. Upward motion

The January case was, in contrast to the November case,
characterized by very strong mid-tropospheric ascent over the
region of interest (Figure 13(a)). The domain-averaged 500 hPa
total omega reached up to –0.8 Pa s−1 and locally exceeded
–2.0 Pa s−1 over the Al Madinah region (Figure 13(a,d)) where
the heaviest rainfall was observed in TRMM data. We find a clear
dipole of ascending and descending motion on the eastern and
western flank of the upper-level trough, respectively. The balanced
omega demonstrates a centre of descending motion over Egypt
that corresponds very well in spatial distribution and magnitude
to the total omega, supporting the confidence in the alternative-
balance omega diagnostics. Regarding the ascending motion,
we observe a substantial deviation between the location of the
maxima in the total omega (–2 Pa s−1 over the Al Madinah region)
and the balanced omega (–0.8 Pa s−1 over the Negev desert).
Time series of domain-averaged vertical motion in Figure 13(d)
indicate that dynamical lifting explains roughly 30–38% of the
total omega over the region of interest between 0000 and 1200
UTC 22 January, coinciding with the heaviest rainfall in ERA-
Interim data. These findings demonstrate that dynamical lifting
was important for ascent, but suggest that other forcing factors
were at work also, such as diabatic heating and orographic lifting,
as discussed below.

The advection of tropical moisture discussed above led to
an extremely high tropospheric moisture content over northern
Saudi Arabia (Figure 13(b)), locally reaching up to 40 kg m−2

over Al Madinah and thus exceeding the climatological TCW
by multiple times (Figure 13(d)). Importantly, the strong
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southwesterly flow (Figure 9(c,f)) encountered the mountain
range along the Red Sea and forced the uplifting and saturation
of the very moist air mass over the coastal zone (Figure 13(c)),
leading to strong diabatic heating that further enhanced the
ascending motion. Near-saturation conditions are also found in
sounding data of the Al Madinah station, showing high relative
humidity (>80%) in the lower and middle troposphere at 0000
UTC and 1200 UTC 22 January (Figure 13(f)). Furthermore,
the equivalent potential temperature profile in the sounding data
reveals potential instability between 850 and 700 hPa at 0000 UTC
22 January, which was largely released during the next 12 h. CAPE
values in ERA-Interim data are relatively low (<1400 J kg−1;
Figure 13(b)) and remain remarkably close to zero in sounding
data (not shown), due to the low-level inversion (Figure 13(f)) at
850 hPa (0000 UTC) and 700 hPa (1200 UTC).

Thus, strong orographic and dynamical lifting, further
reinforced by diabatic heating, led to heavy rainfall downstream of
the upper-level trough. The intrusion of the 4-STD midlatitude
trough and the associated PV streamer into low latitudes was
essential for (i) exporting tropical moisture, (ii) steering the
moist air flow towards the topographic barrier along the Red Sea
coast, and (iii) inducing dynamical lifting on its eastern flank.

5. Extreme precipitation in Saudi Arabia in April–May 2013

5.1. Precipitation characteristics

In spring 2013, a large part of the Arabian Peninsula was affected
by an outbreak of severe weather during an episode lasting from 25
April to 7 May (Figure 14(a,b,c,g)). The heaviest rainfall occurred
on 1 May over southwestern Saudi Arabia (Figure 14(d,e,f,g))
and caused floods with 20 fatalities in the Bishah province on 2
May (Table 1). Locally, the TRMM-derived precipitation reached
over 80 mm day−1 (Figure 14(e)). Two stations in the region,
Bishah and Wadi al-Dawasir, reported 135 and 50 mm rainfall
(Figure 14(f)), substantially exceeding the annual means of 88.7
and 25.5 mm (Almazroui et al., 2012), respectively. ERA-Interim
strongly underestimates precipitation amounts compared to the
TRMM data (by a factor of almost 2.5, see Figure 14(d,e,g)).
Localised spots of high precipitation in TRMM (Figure 14(e))
and clouds in satellite images (Figure 2(c)) indicate that the
extreme rainfall resulted from multiple convective storms.

5.2. Synoptic circulation

As for the November and January cases, the April–May case was
associated with wave amplification of the midlatitude circulation
over the Atlantic, involving two consecutive anticyclonic
Rossby wave breaking events and cut-off low formation over
northwestern Africa on 23–26 April and 27 April–3 May
(Figure 15(a–c)). Downstream development towards the Middle
East resulted in an amplifying ridge over the Mediterranean
(25–27 April; Figure 15(a)), succeeded by anticyclonic wave
breaking and cut-off low formation over the northern Arabian
Peninsula on 28 April (Figure 15(b)). The cut-off low remained
centred over northern Saudi Arabia, and reached its most
pronounced state on 1 May (>3 STD below normal in the
500 hPa geopotential height; Figure 15(c)), when the most severe
rainfall occurred.

The formation of the quasi-stationary upper-level trough
was accompanied by the northward expansion of the Red Sea
Trough from 26 April onwards (Figure 15(d–f)), followed by
cyclogenesis over northeastern Saudi Arabia on 2 May (not
shown). Normalized anomalies in the mean-sea-level pressure
exceeded 1–1.5 STD over the Red Sea region from 26 April to 3
May (Figure 15(d–f)). Interestingly, the Arabian anticyclone was,
in contrast to the November case, positioned more southeastward,
over the Arabian Sea (Figure 15(g–i)), allowing the low-level
moist air to reach over most of Saudi Arabia, as further detailed
in section 5.3. The Arabian anticyclone persisted from 23 April
until 1 May and dissipated afterwards. Positive STDs in the 850
hPa geopotential height (>1–2 STD above normal) demonstrate
the pronounced state of the Arabian anticyclone over a range of
days (23–27 and 29–30 April), only shown in Figure 15(g) for 26
April.

In terms of PV dynamics, an upper-tropospheric high-PV
intrusion expanded gradually southwestwards across the Red
Sea region, coinciding with a northward amplifying potential
temperature maximum in the lower troposphere (Figure 15(j–l)).
Surprisingly, the centre of the PV maximum was positioned to
the east of the potential temperature maximum, suggesting an
unfavourable phase relationship for baroclinic growth. The zonal
flow in this region, however, exhibits easterly vertical shear
(Figure 15(b,c)), not the commonly expected westerly shear. The
phase relationship between the PV and potential temperature
fields is therefore consistent with baroclinic growth. In addition,
the meridional profile of the zonal wind exhibits an inflection
point over the same region, which is a necessary condition
for barotropic instability. This suggests that wave amplification
over the Arabian Peninsula occurred through a combination of
baroclinic and barotropic instability. Thus, as for the November
and January cases, we observe interaction between the midlatitude
upper-level and tropical lower-level circulations.
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time, and (d) are located in box C (45–65◦E, 10–23◦N) at −120 h.

5.3. Moisture transport pathways

The coupling of the midlatitude and tropical circulations and
the positioning of the Arabian anticyclone over the Arabian Sea
favoured the intrusion of tropical moist air masses over the
Arabian Peninsula. IVFs during 25 April–1 May reveal moisture
transport pathways with two distinct origins (Figure 16). Moist air
masses over the warm waters of the Arabian Sea were transported
towards Saudi Arabia by the persistent anticyclonic low-level flow.
Interestingly, another moisture transport pathway with roots over
the south Indian Ocean followed along the East African coast and
entered Saudi Arabia via the Red Sea basin. In other words,
we find cross-equatorial flow, suggestive of moisture from the
Southern Hemisphere, contributing to the heavy precipitation
over Saudi Arabia in the April–May case. The cross-equatorial
moisture transport was accompanied by a persistent upper-level
trough along the eastern coast of South Africa (Figure 16). We
hypothesize that the southern hemispheric midlatitude forcing
initiated the cross-equatorial surge as also found by Fukutomi

and Yasunari (2005, 2009) for cross-equatorial flow and moisture
transport over the eastern Indian Ocean. The persistent advection
of moist air mass over the tropical seas was mostly confined to the
lower troposphere (not shown), and led to above-normal TCW
amounts (>2 STD) over a large part of Saudi Arabia during the
April–May case, as shown for 1 May in Figure 16.

The rather surprising moisture transport pathways during the
April–May case require a more thorough investigation, here
provided by a detailed Lagrangian analysis with focus on the
extreme rainfall over southwestern Saudi Arabia on 1 May. As for
the November case, we calculated 168-hour backward trajectories
from all grid points in the region of interest (40–46◦E, 17–21◦N),
started at 1200 UTC 1 May 2013, and retain the trajectories of
air parcels with a relative humidity >80% or a moisture flux
>100 g kg−1 m s−1 at the initial time.

These backward trajectories, displayed in Figure 17(a), confirm
the two distinct moisture transport pathways from the south
Indian Ocean and the southern Arabian Sea/northern Indian
Ocean, which merged over the Red Sea basin and entered Saudi
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Figure 13. As Figure 7, but for the January case at (a)–(c) 0600 UTC 22 January 2005 with (a) omega in different colour scales and the balanced omega in contour
lines at 0.2 Pa s−1 intervals, (b) CAPE + 6 h forecast at 0000 UTC 22 January 2005, and (c) the vertical cross-section at 24.55◦N. In (d), the temporal evolution of
domain-averaged total and balanced omega (Pa s−1) at 500 hPa and precipitable water (mm) in sounding data from the Al Madinah station (39.7◦E, 24.55◦N, 636 m;
see the grey marker in (b)), and in ERA-Interim, at the corresponding location the instantaneous and long-term (1979–2013) 21-day running mean of TCW (mm).
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Arabia over the steep western flanks of the Asir Mountains.
Interestingly, a large number of air parcels from the Southern
Hemisphere (Box A in Figure 17(a)) travelled over an evaporation
‘hot spot’ (>10 mm day−1) along the East African coast and to
the west of Madagascar (Figure 17(a,b)). Substantial amounts of
moisture may have precipitated out along their pathways over the
Tropics and the eastern flank of the Ethiopian Highlands between
132 h and 72 h (Figure 17(b)) before reaching southwestern Saudi
Arabia. In other words, the trajectories originating over the south
Indian Ocean passed through a tropical region where convective
precipitation may have depleted southern hemispheric moisture
from the air masses. Interestingly, however, most of the moisture
in the air parcels was preserved during the last 72 h prior to arrival
over the target area, while the evaporation over the underlying
surface and moisture increases were relatively low, pointing to
the relevance of remote moisture sources. Thus, the Lagrangian
analysis demonstrates that moist air masses from over the south
Indian Ocean reached southwestern Saudi Arabia. However, it
is uncertain whether the moisture contributing to the extreme
rainfall was primarily sourced over the remote south Indian
Ocean, or was predominantly collected over nearer regions along
their pathways towards the Arabian Peninsula. Further study may
address this open question, for example through quantification
of moisture sources (e.g. Sodemann et al., 2008) utilizing model
data that adequately represent the precipitation over the region
of interest.

Another cluster of trajectories originated over the southern
Arabian Sea/northern Indian Ocean (Box B in Figure 17(a)).

Air parcels already contained large mean moisture amounts
(10 g kg−1) 168 h before reaching southwestern Saudi Arabia that
gradually increased (up to 14 g kg−1) along their pathways over the
Gulf of Aden and the Red Sea (Figure 17(a,c)). Loss of moisture
along these pathways due to precipitation was negligible, and
thus, most of the moisture provided by this trajectory branch
stemmed from the remote southern Arabian Sea/northern Indian
Ocean.

5.4. Upward motion

Upward motion occurred on the eastern flank of the
quasi-stationary upper-level trough and extended partly over
southwestern Saudi Arabia at 1200 UTC 1 May (Figure 18(a)).
The spatial distribution of the balanced omega at 500 hPa agrees
to a large extent with the total omega. In the specific region of
our interest, however, the balanced ascent was very weak. Thus,
dynamical lifting cannot directly explain the upward motion.
Arguably, more localized forcing plays the dominant role in this
case, as detailed below.

High CAPE values in ERA-Interim data over the Bishah region,
exceeding 3000 J kg−1, indicate a high probability of deep moist
convection (Figure 18(b)). Note that high CAPE values over the
warm Red Sea are common, and do not necessarily imply a high
probability of convective storms, as confirmed by the absence of
cloud evolution in the satellite images. Unfortunately, sounding
data are not available from the Bishah station where the most
severe rainfall was observed (Figure 14(f)). The sounding profile
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Figure 14. As Figure 3, but for the April–May case, the (a)–(c) accumulated precipitation from 25 April to 7 May 2013, and (d)–(f) on 1 May 2013. The time
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The Bishah (410840) and Wadi al-Dawasir (410610) stations, indicated in (f), measured 135 mm and 50 mm rainfall, respectively.

from the nearest station, Abha, exhibits potential instability
between the surface and 640 hPa at 0000 UTC 1 May, which was
likely to be released as near-saturation conditions were observed
from the surface up to 500 hPa (Figure 18(f)). The sounding
profile at 1200 UTC 1 May confirms the release of potential
instability, aided by orographic uplift of the westerly low-level
moist air flow over the Red Sea coast (Figure 18(c)).

Importantly, time series of surface sensible heat flux and
TRMM precipitation data in Figure 18(d,e) demonstrate daily
maxima in surface heating between 0600 and 1200 UTC
(0900–1500 local time), followed by daily peaks in precipitation
between 1200 and 1800 UTC (1500–2100 local time). Satellite
imagery reveals a striking diurnal cycle of the convective storms
throughout the April–May case. The storms developed in the
afternoon over the mountainous Red Sea coast under the influence
of strong thermal heating (1200 UTC; 1500 local time; see e.g.
Figure 2(c)), grew to mature stages during the evening while
moving eastward over Saudi Arabia (1800 UTC; 2100 local time),
and decayed at night and in the early morning over its eastern
part (0000 and 0600 UTC; 0300 and 0900 local time).

Thus, the scattered convective storms over Saudi Arabia
developed in a synoptically destabilized environment under the

local influence of strong surface heating and of the orographic
uplift of the moist westerly flow over the mountainous Red Sea
coast. The coupling of the midlatitude and tropical circulations
was essential for guiding the intrusion of tropical moist air
masses over the Arabian Peninsula and for orienting the
westerly flow towards the topographic barrier along the Red
Sea coast. The moderate vertical wind shear in the sounding
data (15.9 m s−1 between the surface (2093 m ASL) and 6005 m
ASL, see also Figure 18(f)) likely favoured the organisation of
multicell storms (Holton, 2004) over southwestern Saudi Arabia
(Figure 2(c)).

6. A seasonal perspective

All three cases were associated with tropospheric circulation
and/or moisture content anomalies that were unusual or extreme
(> 3 STD for the November and April–May cases and >4 STD
for the January case) with respect to the background circulation
during the respective seasons. In this section we argue that
the differences in the configuration of the synoptic circulations
between the three cases can be linked to the seasonal variability
of the large-scale circulation.
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The November case revealed the interaction between a
midlatitude upper-tropospheric trough and the climatological
Red Sea Trough near the surface farther downstream, being
dynamically characteristic of the Active Red Sea Trough (De
Vries et al., 2013). This phenomenon typically occurs in autumn
(Kahana et al., 2002; Krichak et al., 2012; Shentsis et al., 2012; De
Vries et al., 2013) since the Red Sea Trough is most prominent in
this season (Alpert et al., 2004b; Tsvieli and Zangvil, 2005). The
January case was characterised by cloud bands from the Tropics,
an intensified subtropical jet, a midlatitude trough as a part of a
Rossby wave train moving into the Tropics, and large moisture
fluxes at middle and upper levels on the eastern flank of the trough.
These features are typical of tropical plumes (Knippertz, 2007, and
references therein) which are most likely to occur over the Middle
East during the winter season (Ziv, 2001; Rubin et al., 2007; Tubi
and Dayan, 2014), when the baroclinic zone is closest to the region
and midlatitude disturbances are most likely to reach deep into the
subtropics. The April–May case involved a long-lasting rainfall
episode, resulting from a quasi-stationary upper-level trough and
persistent northward advection of tropical moist air masses. The
coincidence of cross-equatorial flow and the Arabian anticyclone
played a central role in the transport of tropical moisture towards
the Arabian Peninsula. Cross-equatorial flow can be explained
by the seasonal evolution of the large-scale circulation. In May,
a clockwise lower-tropospheric moist air flow develops along
the East African coast, referred to as the Somali or Findlater jet
(Joseph and Sijikumar, 2004) which is associated with the onset of
the Asian summer monsoon. Thus, the moisture incursion over
the Arabian Peninsula preceded the onset of the Asian summer
monsoon and can be linked to the seasonal evolution of the
large-scale circulation in spring.
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Figure 17. As Figure 6, but for the April–May case. The 168-h backward trajectories started at 1200 UTC 1 May 2013 from all grid points in the box depicted in
Figure 14(d,e) between surface and 200 hPa and with a relative humidity >80% or moisture flux >100 g kg−1 m s−1 at t = 0. The mean and spread of meteorological
variables along trajectories from (a) are displayed for subsets of air parcels that (b) are located in box A (37–55◦E, 27◦S–0◦N) and (c) box B (55–72◦E, 5–14◦N) at
−168 h. (b)–(d) demonstrate, in addition, the mean 6-hourly accumulated precipitation (mm (6 h)−1; green bars) and evaporation (mm (6 h)−1; red bars). In (a)
small dots are plotted at −72 h.
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Figure 18. As Figure 7, but for the April–May case at (a)–(c) 1200 UTC 1 May 2013 with (b) CAPE +12 h forecast at 0000 UTC 1 May 2013, and (c) the vertical
cross-section at 18.23◦N. In (d), the temporal evolution of domain-averaged 6-hourly accumulated surface sensible heat flux (kW s m−2), and in (f), the sounding
data of the Abha station (42.65◦E, 18.23◦N, 2093 m) at 0000 UTC (solid lines) and 1200 UTC (dashed lines and wind barbs) 1 May 2013. The averaging domain for
variables in (d) and (e) corresponds to the box in Figure 14(d,e) which is for clarity also depicted in grey in (a).

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2016)



Dynamics of Extreme Precipitation Events in Saudi Arabia

AA
Z (850 hPa)

RST /
ELPZ moisture transport

pathways

PV at upper levels
LC1

anomaly
TCW

ULT

potential temperature
at lower levels anomaly

MSLP

anomaly
Z (500 hPa)

Figure 19. Schematic presentation of the common synoptic-scale key features
of the three cases: anticyclonic Rossby wave breaking (LC1), an upper-level
trough (ULT), the Arabian anticyclone (AA), the Red Sea Trough (RST; for the
November and April–May cases), equatorial low pressure zone (ELPZ; for the
January case), moisture transport pathways and anomalous TCW. ‘Z’ and ‘MSLP’
denote geopotential height and mean-sea-level pressure, respectively. Note that
the thin red lines (arrows) refer to the moisture transport pathways as only
observed during the January case (equatorial Africa) and the April–May case
(south Indian Ocean).

Also, the moisture transport pathways during the three cases are
to some extent tied to the climatological background circulation
during the different seasons. In particular, during the November
and April–May cases, the varying position of the Arabian
anticyclone largely regulated the moisture transport pathways
(De Vries et al., 2013) and the spatial distribution of rainfall over
the Arabian Peninsula. During autumn, the semi-permanent
Arabian anticyclone is located over the Arabian Peninsula and
channels the low-level moist air masses over the Arabian Sea
into the Red Sea region, which can intrude over the Arabian
Peninsula across the western coast under the influence of a
transient midlatitude upper-level trough. During spring, the
Arabian anticyclone is situated farther to the southeast, over the
Arabian Sea, which can allow the low-level moist air masses and
precipitation to spread across most of Saudi Arabia. Accordingly,
the autumn climatological precipitation is largely confined to the
Jeddah region and a narrow belt stretching towards northeastern
Saudi Arabia, whereas rainfall in spring reaches relatively high
amounts over much of Saudi Arabia with a maximum over the
southwestern territories (Almazroui, 2011, his Fig. 3; Mashat and
Basset, 2011, their Figs 5B and 4B). Thus, the moisture transport
pathways and precipitation distribution during the November and
April–May cases are consistent with the climatological patterns
during the respective seasons.

During the January case, the relatively low tropospheric
moisture amounts over the cooler Arabian and Red Seas were
complemented by high moisture fluxes within the strong synoptic
flow and moisture transport from remote regions such as
equatorial Africa. The moisture transport was particularly large at
middle tropospheric levels, which may explain why rainfall during
the January case was not only confined to the mountainous coastal
zone, but also reached into the interior and northern parts of
the Arabian Peninsula. From a climatological perspective, rainfall
in the winter season reaches a maximum over the northern
territories of Saudi Arabia (Almazroui, 2011, his Fig. 3; Mashat
and Basset, 2011, their Fig. 4A). Thus, it is no coincidence that
flash floods affected the Jeddah and Makkah (Mecca) regions in
November 2003 and 2009, the northwestern parts of Saudi Arabia
in December 1985 and January 2005, and the southwestern
regions of Saudi Arabia in April 1964, 2004, 2005, 2012 and 2013
(Table 1), considering the climatological precipitation patterns of
the different seasons.

In summary, the general patterns of the synoptic circulations,
moisture transport pathways and spatial distribution of

precipitation of the three cases are consistent with the seasonal
variability of the large-scale circulation. The specific events
exhibited unusual or extreme synoptic characteristics within
the varying background large-scale circulation of the different
seasons.

7. Conclusions

We presented three case-studies of extreme precipitation over
Saudi Arabia that caused flooding with severe societal impacts.
All three cases involved strong tropical–extratropical interactions.
The extreme precipitation events were initiated by midlatitude
forcing through an upper-level trough intrusion into low
latitudes, which instigated tropical moisture transport towards
the Arabian Peninsula that fuelled the heavy rainfall. The extreme
precipitation and storms were in all three cases embedded in an
environment controlled by the synoptic-scale circulation. Our
focus on the large-scale, rather than the mesoscale, is based
on the perspective that the formation of convective storms is
strongly tied to the larger-scale tropospheric environment. This
section summarises the key synoptic-scale features, schematically
depicted in Figure 19, and outlines avenues for future research
that may build on our findings.

The three events were preceded by amplification and breaking
of midlatitude Rossby waves in the far upstream region over
the Atlantic, followed by downstream development towards the
Middle East. Subsequent anticyclonic Rossby wave breaking
over the Middle East resulted in an upper-level trough that
intruded into the subtropics (the LC1 baroclinic life cycle
of Thorncroft et al. (1993)) and interacted with the tropical
lower-level circulation. The accompanying upper-tropospheric
high-PV intrusion and lower-tropospheric potential temperature
maximum downstream demonstrate a phase relationship that is
consistent with wave amplification through baroclinic growth
(Hoskins et al., 1985). PV streamers and anticyclonic wave
breaking have also been associated with extreme precipitation
events in regions elsewhere (Massacand et al., 1998; Martius et al.,
2006, 2013; Knippertz and Martin, 2007a, 2007b). Future work
may investigate the large-scale processes upstream that initiate
wave amplification such as diabatic PV destruction and negative
PV advection (Knippertz and Martin, 2005, 2007b; Martius et al.,
2008; Hart et al., 2010).

The coupling of the midlatitude and tropical circulations
facilitated the transport of tropical moisture towards the Arabian
Peninsula, leading to above-normal moisture content over the
region of interest (>2 or >3 STD). The moisture pathways varied
between the cases; however, in each case they involved enhanced
moisture transport over the Arabian and Red Seas through the
intensified Arabian anticyclone. Interestingly, this feature was also
found to be important for precipitation and extreme precipitation
over the Levant (Ziv et al., 2005; De Vries et al., 2013) and Iran
(Raziei et al., 2012). Our Lagrangian trajectory analysis indicated
not only an important moisture contribution from the nearby Red
Sea, but also substantial moisture transport from remote tropical
regions. As an extension to our findings, it would be interesting
to quantify the moisture sources, for example through algorithms
(e.g. Sodemann et al., 2008) or the tagging of evaporated water in
high-resolution numerical model simulations.

The forcing mechanisms for upward motion were in all three
cases associated with orographic lifting of moist air masses over
the mountainous Red Sea coast and the release of potential
instability. Furthermore, the January case was characterised by
widespread heavy precipitation, favoured by strong dynamical
lifting and diabatic heating. The November and April–May cases
showed concentrated extreme rainfall, and were associated with
local low-level moisture convergence and reduced static stability
(November case), and strong surface sensible heating (April–May
case).

The findings in this study may contribute to a deeper
understanding of the underlying synoptic-scale dynamics of
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extreme precipitation events over Saudi Arabia, which can support
future work on their predictability and early warning systems to
help mitigate the potential impacts of flooding. Furthermore,
this study may provide context for future studies elaborating on
mesoscale processes through modelling approaches. Finally, our
analysis of the synoptic-scale processes may benefit climatological
studies on current and future rainfall trends and variability,
which are of crucial importance for anticipating changes in water
availability and extreme weather events in the context of climate
change.

Acknowledgements

The research leading to these results has received funding from the
European Research Council under the European Union’s Seventh
Framework Programme (FP7/2007–2014)/ERC grant agreement
no. 226144 and the National Science Foundation grants AGS-
1036858 and AGS-1401220 from the United States. Marlene
Baumgart acknowledges support from the DFG Collaborative
Research Center TRR 165/1, project A01: Upscale impact of
diabatic processes from convective to near-hemispheric scale,
and Internal University Research Funding (phase I) from the
JGU, Mainz. This work was supported by the Cy-Tera Project,
which is co-funded by the European Regional Development Fund
and the Republic of Cyprus through the Research Promotion
Foundation. The authors wish to thank CRED, Dundee Satellite
Receiving Station/EUMETSAT, ECMWF, NASA, JAXA, NCDC
and the University of Wyoming for providing their datasets. We
also thank H. Merx for obtaining part of the data. The data are
visualized with the National Center for Atmospheric Research
(NCAR) Command Language (NCL) package (version 6.2.1).
Finally, we thank Neil Hart and an anonymous reviewer whose
comments helped to improve the manuscript.

References

Abdullah MA, Almazroui MA. 1998. Climatological study of the southwestern
region of Saudi Arabia. I. Rainfall analysis. Clim. Res. 9: 213–223.

Al-Khalaf AK, Basset HA. 2013. Diagnostic study of a severe thunderstorm
over Jeddah. Atmos. Clim. Sci. 3: 150–164.

Almazroui M. 2011. Calibration of TRMM rainfall climatology over Saudi
Arabia during 1998–2009. Atmos. Res. 99: 400–414.

Almazroui M, Islam MN, Athar H, Jones PD, Rahman MA. 2012. Recent
climate change in the Arabian Peninsula: Annual rainfall and temperature
analysis of Saudi Arabia for 1978–2009. Int. J. Climatol. 32: 953–966.

Alpert P, Osetinsky I, Ziv B, Shafir H. 2004a. Semi-objective classification for
daily synoptic systems: Application to the eastern Mediterranean climate
change. Int. J. Climatol. 24: 1001–1011.

Alpert P, Osetinsky I, Ziv B, Shafir H. 2004b. A new seasons definition based on
classified daily synoptic systems: An example for the eastern Mediterranean.
Int. J. Climatol. 24: 1013–1021.

Barth HJ, Steinkohl F. 2004. Origin of winter precipitation in the central coastal
lowlands of Saudi Arabia. J. Arid Environ. 57: 101–115.

Chakraborty A, Behera SK, Mujumdar M, Ohba R, Yamagata T. 2006. Diagnosis
of tropospheric moisture over Saudi Arabia and influences of IOD and
ENSO. Mon. Weather Rev. 134: 598–617.

Davies-Jones R. 1991. The frontogenetical forcing of secondary circulations.
Part I: The duality and generalization of the Q vector. J. Atmos. Sci. 48:
497–509.

Dayan U, Ziv B, Margalit A, Morin E, Sharon D. 2001. A severe autumn storm
over the Middle-East: Synoptic and mesoscale convection analysis. Theor.
Appl. Climatol. 69: 103–122.

Dayan U, Nissen K, Ulbrich U. 2015. Review article: Atmospheric conditions
inducing extreme precipitation over the eastern and western Mediterranean.
Nat. Hazards Earth Syst. Sci. 15: 2525–2544.

Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S, Andrae
U, Balmaseda MA, Balsamo G, Bauer P, Bechtold P, Beljaars ACM, van
de Berg L, Bidlot J, Bormann N, Delsol C, Dragani R, Fuentes M, Geer
AJ, Haimberger L, Healy SB, Hersbach H, Hólm EV, Isaksen L, Kållberg
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