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Diagnostic analysis of wintertime rainfall events 

over the Arabian region 
 
 
 

Milind Mujumdar 1, 2 
 
 

Abstract 

 

Wintertime weather disturbances over the Saudi Arabian region are diagnosed 

using observations and reanalysis data. Wintertime rainfall events over Arabian 

Peninsula are associated with southeastward propagating weather systems from the 

Mediterranean region as a couplet of high and low. The weakening of vertical wind 

shear in the westerly jet-stream is an influential factor in modulating the upper 

tropospheric divergence and the reinforcement of lower tropospheric convergence. An 

elongated cyclonic circulation over the southwest Saudi Arabia enhances moisture 

transport from the Red Sea to southern Saudi Arabian region. Longitude-pressure cross 

sections of vorticity budget analysis of the Arabian weather events reveal that vortex-

stretching term mainly contributes to the vorticity generation over Arabian region during 

wintertime rainfall events, with secondary contributions from zonal and meridional 

advection terms as well as the tilting term. During the day of significant rainfall events 

these transient weather disturbances intensify and organize over Arabian Peninsula and 

subside towards east of Arabia, while propagating eastward.  These wintertime weather 

disturbances are helpful in understanding the duel character of tropical and extra-

tropical systems in causing weather over the Arabian region. 
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Introduction   

 

Wintertime rainfall is crucial for the copious population spread around one of the 

largest sand deserts over the Arabian Peninsula. The wintertime rainfall exert profound 

impact on the water management to meet the urban, industrial and agricultural need, 

which is carried out through recently established network of dams, along with the other 

water resources, like underground aquifers and desalination plants. The mountainous 

regions Asir and Hezaj province along the Red sea coast and the mountains of Yemen 

and Oman, rising to the height of 2.5Km to 3.5 Km, receives periodic monsoon-like 

downpours and an annual rainfall of about 400 mm (Columbia Electronic Encyclopedia, 

www.cc.columbia.edu/cu/cup/ and National Climatic Data Center, USA). While, across 

the mountains the rainfall is low and unreliable; below 200 mm and often less than           

100 mm, over basin-shaped interior consisting of alternating steppe and desert 

landscape making it so arid (Sen, 1983, Nouh, 1987, Bazuhair et al. 1997). During the 

peak of the winter season around January the mid-latitude frontal systems reach its 

southern most latitude around Mediterranean Sea region (Trigo et. al. 2002). Recent 

study of tropospheric moisture budgets over the peninsular region of Saudi Arabia 

(Chakraborty et. al. 2006) also shows strengthening of moisture supply over the region 

during winter season. The rainfall over most of the Arabian region is generally restricted 

to a few wet spells, brought by weather disturbances originating over the Mediterranean 

Sea, during winter season.     

 

There are numerous theoretical, statistical and observational studies that have 

enhanced our understanding in weather disturbances following the wave guide over 

Mediterranean and adjacent regions in the past few decades (Reiter, 1975, Hoskins and 

Pedder, 1980, Mayengon 1984, Radinoivic 1987, Lee et. al. 1988, Bazuhair et al., 1997, 

Trigo et. al., 2002). The record-breaking precipitation in summer of 2002 in Europe has 

renewed the interest; it appears to be due to anomalous vorticity transport in the upper 

troposphere associated with Rossby wave propagation as well as anomalous surface 

conditions (Nakano 2004). However, little attention has been paid to the dynamics of 

southeastward propagating frontal system in the Middle East located down stream of 

Mediterranean. The rainfall associated with those weather disturbances is very 

important in the Arabian Peninsular region from a socioeconomic viewpoint. The 

classical extra-tropical transition of tropical remnants has been well discussed by the 

researchers (Ritchie and Elsberry 2001, Kelin et. al. 2002, Mc Toggart-cowan et. al. 

2004), however it would be more exciting to explore the influence of wintertime                  
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mid-latitude system in contributing to the wide spread rainfall over Arabian Peninsula. 

Thus the primary objective of this study is to describe the dynamical characteristics of 

the spatiotemporal evolution of wintertime weather disturbances over the Saudi Arabian 

region using available datasets. 

 

Data sets 

 

The diagnostic analysis is carried out using several observed data sets from 

multiple sources. The Global Precipitation Climatology Project’s (GPCP, see 

http://precip.gsfc.nasa.gov/gpcp_daily_comb.html) daily rainfall data set is used                  

for detailed analysis of the evolution of the large scale rainfall events for the period 

1997-2002. These global 10x10 daily rainfall estimates are based on gauge and satellite 

observations.  The daily atmospheric data such as wind, surface pressure, moisture, 

vertical velocity, geopotential height, and temperature are obtained from the               

National Center for Environmental Prediction-National Center for Atmospheric Research 

(NCEP-NCAR) reanalysis dataset (Kalnay et al., 1996). Besides these gridded 

variables, in situ rainfall data archived by Ministry for Environmental Protection in the 

Kingdom of Saudi Arabia. The surface climate summaries over Middle East (see 

http://www.ncdc.noaa.gov/oa/climate) prepared by US Navy, Air Force and National 

Climate Data Center (NCDC) are also utilized to validate the analyses.   

 

Origin of the synoptic weather disturbances 
 

The daily rainfall distribution is analyzed over the Arabian region and its 

neighborhood during winter season to identify significant rainfall events over the region. 

Visual examination of the GPCP data showed two active rainfall regions around Mecca 

of the Province of Asir and around Basra located near the northern edge of Persian Gulf 

respectively.  Both Mecca and Basra regions have a number of rain gauge stations, 

which provide better ground truth for the satellite data.  When the rainfall, over Mecca 

(around 200N, 420E) and Basra (around 300N, 470E) regions, exceeds a threshold value 

of 5 mm/day within a grid box of 50 latitude by 50 longitude, i.e. one standard deviation 

of the wintertime rainfall, the rain event is considered as a significant weather event. A 

slight change in the location of grid box does not influence the Arabian rainfall events. 

We thus identify 19 Arabian rainfall events, during the months of January, February and 

March for the period ranging from 1997 through 2002 (Table 1). The number of events 

is enough for statistical significance of the present analysis.   
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Table 1.  Wintertime Arabian rainfall events  
 

 1997 1998 1999 2000 2001 2002 

January 7th and 
15th  

4th and 
5th  

8th  and 
15th   

5th  8th  6th  

February  11th     24th  

March 5th and 
22nd  

17th and 
29th  

28th  - 3rd and 
19th  

17th  

 

In order to examine the spatial distribution of significant rainfall events we have 

prepared composite maps based on the identified significant rainfall events during 

January, February and March as listed in Table 1. The evolution of the weather event is 

examined by extending the composite analysis to days prior and after the occurrence of 

significant rainfall events on Day 0. The composites preceding the Day 0 are given as 

Day -1, Day -2 and those following the Day 0 are noted as Day +1, Day +2.  Figure 1a 

shows the heavy precipitation area around the Mediterranean region during Day -2. The 

precipitation area moves southeastward from Day -2 and covers the northern part of the 

Red Sea and adjacent continental Arabia on Day -1. On Day 0, the rainfall area extends 

from the Red Sea adjacent to Mecca to the southern part of the Caspian Sea (Figure 

1c).  Two rainfall maxima are found over the region of our analysis: the major maximum 

one over Basra and a minor maximum one over Mecca.  The major maximum, which 

lies to the west of the mountainous region of Iran, is stronger and well spread as 

compared to the minor one that lies near Mecca.  It is noteworthy that the strong 

precipitation over Basra is established one day prior (on Day -1) to significant rainfall 

over Mecca.  Following the Day 0 event, convective activity becomes weaker in strength 

and moves northeastward over the high altitude regions of Iran on Day +1 (Figure 1d) 

and continues to move eastward during Day +2 (Figure 1e), covering parts of northwest 

India.  

 

The composites in March for Day 0 event (Figure 2) exhibit a striking similarity in 

the spatial distribution of rainfall as compared to those in January shown in Figure 1c.  

However, it is noted that the east-west extent is narrower in March as compared to that 

in January. The amplitudes of rainfall maxima are also weaker in strength during March 

for Day 0 event.     
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The time sequence of moisture transport vector (Q
r

) exhibiting the moisture 

convergence  from  the  Oceanic areas into Arabian region is also illustrated in  Figure 1 

(a-e). Here moisture transport vector Q
r

  (units: Kg m-1 s-1); ∫====
s

u

P

P

dPVq
g

Q
�� 1 , where g is the 

acceleration due to gravity and q is the specific humidity; uP  is 300 hPa and sP  is the 

surface pressure over a given geographical location; is computed from NCEP data. The 

moisture convergence over the Mediterranean Sea and the adjoining area on Day –2 is 

consistent with the strong rainfall pattern over the region (Figure 1a). A conspicuous 

feature on Day -1 is the band of elongated southeastward moisture influx over the Red 

Sea and the adjacent continental Arabia. The enhanced eastward moisture transport 

over the mountainous region of the Province of Asir and Arabian Peninsula on Day 0 is 

due to stronger convergence over the region around 20oN, which leads to the significant 

rainfall event on Day 0 (Figure 1c). This is an important feature exhibiting the influence 

of tropical characteristics associated with the convection (Daggupaty and Sikka 1977, 

Davidson 1995). On Day +1 the moisture flux is further enhanced over the high altitude 

region of Iran and, on Day +2, the area of enhanced convection extends further 

eastward over northwest India.  

The time sequence of vertical velocity field at 500 hPa is presented in Figure 3 
(a-e) during Day-2 to Day+2. The statistical significance of patterns of mid-tropospheric 
vertical velocity was evaluated using 2-tailed Student’s t-test. The regions where the 
composite mean is statistically significant are shaded (Figure 3 a-e). It is worth noticing 
that these transient disturbances propagate eastward as a couplet of positive and 
negative contours. The pattern of ascending motion over Mediterranean Sea on Day –2 
is coherent with the strong precipitation emerging over the region (Figure 1a) while, the 
descending motion extends eastward over north Arabia during Day -2.  Also seen from 
the Figure 3b are the two regions of maximum vertical velocity at 500 hPa coinciding 
with the elongated precipitation pattern around Red Sea and northeast Arabian region, 
one day prior (Day –1) to the significant rainfall event.  In addition, the mid-tropospheric 
descending region is seen to the east of Persian Gulf extending over Iran during Day–1. 
Subsequently the southeastward movement of rising and sinking regions (Figure 3c) 
overlaps with the two peaks of significant rainfall event (Figure 1c) on Day 0. The peak 
over Asir province results from the strengthening of the convection in the south west 
quadrant of the Arabian weather disturbances as shown by (Daggupaty and Sikka 
1977). Further, on Day +1 the rising and sinking patterns at 500 hPa  (Figure 3d) extend 
east of the Iranian region and on Day +2, these mid-tropospheric patterns of rising and 
sinking motions (Figure 3e) advances eastward over northwest India. Further, the time 
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sequence of atmospheric circulation features suggest that the transient weather 
disturbances associated with the rainfall events starts from the Mediterranean region           
2 days prior (Day -2) to the occurrence of the significant rainfall in Saudi Arabia and 
propagates southeastward. The northwesterly wind associated with these wintertime 
weather disturbances is called “winter Shamal”. This horizontal scale of the synoptic 
weather disturbance is larger than 1000 km. Nevertheless this southeastward 
propagating synoptic scale system over Arabian region is weaker in magnitude as 
compared to the diagnostic analysis carried out for Mediterranean cyclone propagating 
over Middle-east region (e.g. Lee et. al. 1988; Holton 1992; Grotjahn 1996; Trigo et. al. 
2002), and is yet to be explored. Therefore we focus our attention to diagnose the 
evolution of the wintertime weather disturbances over the Saudi Arabian region.  
 
Dynamics of the weather disturbances 
 

The diagnosis of the magnitude and aerial extent of different atmospheric 
parameters associated with the tropical synoptic disturbances have varying importance 
in different regions and at different levels. In this section the dynamics associated with 
the development and propagation of the Arabian weather disturbances is studied by 
analyzing vertical structure of a typical case. This case study is also complemented by 
composite analysis at later stage. The time sequence of latitude-height cross sections of 
zonally averaged divergences (over 35oE and 45oE), are shown in Figure 4(a-e) for a 
typical event of 8th January 1999. The strong upper level divergence can be seen 
around Mediterranean region in association with strong lower tropospheric convergence 
during Day-2. The southward penetration of the upper tropospheric divergence and 
lower tropospheric convergence during Day-2 to Day 0 over Mecca region is 
noteworthy.  The strengthening of the lower tropospheric convergence is an important 
aspect, which in association with upper level divergence helps in understanding the 
dynamics of significant rainfall (Figure 4c).  This is also consistent with enhanced 
moisture convergence over Mecca region during Day 0 (Figure 1c). Later it is shown 
that the stretching term associated with horizontal divergence has significant 
contribution in the vorticity budget analysis over Mecca region (similar to Davidson, 
1995; Grotjahn 1996). After the significant rainfall event on Day 0, while the weather 
system moves eastward during Day +1 and Day +2, the entire vertical section of the 
system weakens in strength (Figure 4d-e). The time sequence of vertical cross section 
of divergence for Day-2 to Day+2 prominently exhibits westward tilt with height. The 
above diagnosis illustrates that the typical rainfall event over Arabia is associated with 
the southeastward propagating synoptic scale system.   
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Previous studies have shown that the analysis of the vorticity equation provides 

insight into the dynamics of synoptic scale systems (Krishnamurti 1968; Holton and 

Colton 1972; Reed and Johnson 1974; Daggupaty and Sikka 1977; Bosart and Lin 

1984; Davidson 1995, Grotjahn 1996).  Here, we have carried out budget analysis 

based on the following vorticity equation for the typical rainfall event of 8th January 

1999.   
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Local Tendency = Stretching + Zonal advection + Meridional advection + Vertical 
advection + Tilting + diffusion. 

 

The longitude-height cross sections of all the terms which contribute to the 

vorticity generation are shown in Figures 5-10; meridionally averaged between 20oN 

and 30oN during Day –2 to Day +2. From the time evolution of the vorticity tendency, it 

is found that the term forms a couplet with positive (negative) tendency (Figure 5a-e) 

east (west) of the lower tropospheric cyclonic circulation between 30oE and 50oE.  The 

moisture convergence and convection (Figure 1a-c) leads to enhance vertical velocity 

and low-level convergence generating the vorticity couplet.  Following the formation of 

the couplet, the vertical velocity would amplify (weaken) in area with positive (negative) 

tendency. The system would then move following the track of relative vorticity 

amplification, which implies motion from west to east during Day –2 to Day +2. As seen 

in the plot major contributions for the vorticity tendency come from vortex stretching, 

horizontal advection and tilting terms.  From a scale analysis of all terms in the vorticity 

equation (1) it is found that the role of planetary vorticity advection is negligible and 

does not make any significant contribution.    

 

The longitude-pressure cross-sections of stretching term in Figure 6(a-e) exhibit 

the eastward moving couplet of negative and positive contours, prominently between 

30oE to 50oE, through the event period from Day -2 to Day +2. The positive values of 

stretching term seems to favor the relative vorticity below the steering level and 

negative values of divergence opposes the relative vorticity above the steering level 

(Figure 6c) while its eastward propagation. This term is important from the point of view 

of baroclinic energy conversion (Grotjahn 1996). The pattern of the vorticity generation 

term reverses with height. The westward tilt in the vertical structure of the positive 

contours becomes well organized during the day of significant rainfall event (Day 0) 
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(Figure 6c). It is worth noticing that the stretching term is significantly positive in the 

lower troposphere over the longitudinal region of interest around 40oE, while the 

negative values of stretching term can be seen in the upper troposphere during Day 0. 

The vertical structure of the stretching term weakens with negative contours in lower 

troposphere and positive contours in upper troposphere over 40oE (Figure 6d and 6e), 

while its eastward movement during Day +1 and Day +2.         

 

The decomposition of the horizontal advection of vorticity into zonal and 

meridional components is useful for bringing out their relative contributions in vorticity 

generation. The vertical cross sections of zonal advection during Day –2 to Day +2 in 

Figure 7 exhibit strong core of positive contours preceded by vertical distribution of 

weak negative zonal advection between 20oE to 60oE. The pattern of vertical cross 

section of zonal advection of vorticity is supportive of eastward propagation of the 

weather disturbance (Figure 7a-e). The zonal advection varies with height, having 

maxima in the upper troposphere and weakens towards lower troposphere.   

 

The meridional advection of eastward propagating relative vorticity is strongly 

negative with maxima at the upper troposphere (Figure 8a-e), which suggests the 

influence of the upper level trough on the lower tropospheric boundary layer conditions 

during the weather event over Arabia. Similar to the zonal advection term, this term also 

shows weakening of magnitude and aerial extent during Day –2 to Day +2. It is to be 

noted that the distribution of the negative meridional advection of vorticity is stronger in 

strength and wide spread in the spatial direction and fully extending to lower 

tropospheric levels as compared to the other terms in vorticity equation (1). Therefore 

the contribution of the meridional advection term (Figure 8c) in vorticity equation is 

considerably dominant over the longitude of interest around 40oE, in particular during 

the significant rainfall event.   

 

Figure 9 and 10, show eastward moving couplet of negative and positive 

contours in the time sequence of vertical advection of vorticity and tilting term 

respectively during Day –2 to Day +2. It is interesting to note from time sequence of 

longitude-pressure cross sections that the contribution of the tilting term is significant as 

compared to weaker vertical advection. Also the order of the magnitude of tilting term is 

comparable with the stretching and horizontal advection terms. In particular, vertical 

structure of vertical advection of vorticity and tilting term (Figure 10c) is organized on 

the day of significant rainfall event over Arabia (Day 0). The maximum of synoptic scale 
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tilting term during Day 0 lies in the mid-troposphere coinciding with the large amplitude 

of vertical velocity (Figure 3c) (similar to Figure 4b, pg. 2851, Grotjahn 1996). The 

vertical structure of the vertical advection of vorticity and tilting term weakens, while 

depicting eastward movement during Day +1 and Day +2. The tilting term (Figure 10a-c) 

tends to modify vertical shear of the horizontal wind and thereby exerts the                

controlling influence on the vorticity changes in the middle troposphere (Davidson 1995, 

Grotjahn 1996). 

 

The time sequence of vertical structure of weather disturbances over Arabian 

Peninsula differs from case to case.  The variation of the location of centers of weather 

systems (Table 2) tend to amplify the variations among the vorticity equation terms 

involving products and derivatives for different cases with respect to different pressure 

levels. At a particular pressure level, the results of the diagnostic analysis from a typical 

case could be confirmed by performing composite analysis of similar cases. We have 

composited the data from each case (Table 2) for carrying out the vorticity budget 

analysis at 700 hPa during the significant rainfall event (Day 0). The original latitude-

longitude grid point values of the wind components at 700 hPa for Day 0, were spatially 

shifted so as to place the center of weather disturbance in each case at (20oN and 

43oE), a leeward location of the Mecca region of Asir province, which is also coherent 

with the center of the moisture convergence in Figure 1c. 

 

Table 2. Location of center of Arabian weather disturbance, at 700 hPa during Day 0. 

 

Case number Date Latitude (oN) Longitude (oE) 
1 07 January 1997 22.5 40.0 

2 15 January 1997 20.0 45.0 

3 04 January 1998 20.0 37.5 

4 05 January 1998 17.5 40.0 

5 08 January 1999 15.0 37.5 

6 15 January 1999 22.5 45.0 

7 05 January 2000 17.5 37.5 

8 08 January 2001 15.0 45.0 

9 06 January 2002 22.5 42.5 



 11 

The composited wind divergence based on the shifted wind components at           

700 hPa (Figure 11a-g) exhibits good agreement in capturing the horizontal 

convergence around 40oE-50oE, when compared with the lower tropospheric 

divergence field of a typical rainfall event as shown in Figure 11a during Day 0.  

 

The spatial distributions of all the terms, which contribute to the vorticity budget, 

are shown in Figure 11 (a-e) during Day 0. The strong divergence (Figure 11a), 

stretching term (Figure 11c) meridional advection (Figure 11e) and tilting term (Figure 

11g) turns out to be dominant in vorticity equation. The vorticity budget analysis of 

composite at 700 hPa (Figures 11a-g) turns out to be closer to that suggested by the 

typical case study (Figures 6-11). Following (Davidson 1995; Grotjahn 1996) it can be 

seen from the longitude-pressure patterns that the two fields have about as much 

reinforcement as they do cancellation (Figures 7 and 8). The meridional and zonal 

advection of vorticity is the classical example in this regard. Depending on amplitude, 

aerial extent and mutual interactions, the terms involved in vorticity equation can be 

qualitatively categorized into different categories. The stronger divergence and 

advection terms can be put in first category.  The tilting term can be put in second 

category and the vertical advection can be put in the third category. The contribution of 

stretching term is significant, having large amplitudes in the lower as well as middle 

troposphere, over the Province of Asir and eastward Arabian Peninsula (consistent with 

the Davidson 1995). Weakening of the vertical wind shear of the transitioning                 

Mid-latitude weather disturbance embedded into westerly jet-stream plays a crucial role 

in coupling the tropical moist convection. It is worth noticing the common characteristics 

of the wintertime weather disturbances over Arabia with the typical tropical systems 

such as banding structures and wide spread convection (Kein et al. 2000; Evans and 

Hart 2003).   

 

Discussion and summary 

 

Significant synoptic-scale wintertime rainfall events occur over Arabian 

Peninsula, a region of the world seldom afflicted by such wet spells. The total                      

19 wintertime rainfall events were identified over Arabian region. These southeastward 

propagating wintertime weather disturbances with a typical horizontal scale larger than 

1000 km are traced back to the Mediterranean region. These transient weather 

disturbances move eastward as a couplet of a high followed by a low during Day –2 to 

Day +2. The elongated cyclonic circulation over northern part of Red Sea and adjacent 
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Arabian region transports moisture from Red Sea to large region of Saudi Arabia during 

(Day –1). The southeastward propagation of cyclonic system during the significant 

rainfall event (Day 0) enhances the moisture transport over mountainous region of 

province of Asir along the Red Sea and adjacent southern Saudi Arabian region. During 

the day of significant rainfall events (Day 0) these transient weather disturbances 

intensify and get organized over Arabian Peninsula. Following the Day 0 event, these 

transient synoptic systems become weaker in strength and moves northeastward over 

the high altitude regions of Iran and Afghanistan on Day +1 and continue to move 

eastward over Pakistan during Day +2, covering parts of northwest India.  

 

The diagnosis of the transient weather disturbances exhibits that the 

reinforcement of the lower tropospheric convergence could be attributable to modulation 

of upper tropospheric divergence through weakening of the vertical wind shear in the 

westerly jet-stream. Propagation of couplet of positive and negative contours in the 

longitude-pressure cross sections of various terms of vorticity equation averaged over 

20oN-30oN establishes the eastward movement of the synoptic scale transient 

disturbances. The vertical cross section of vorticity generation terms clearly bring out 

the intensification and organization of the weather system during the event day.  The 

vorticity budget analysis of the synoptic scale system, reveal that vortex-stretching term 

mainly contributes to the vorticity generation, with secondary contributions from zonal at 

upper-tropospheric levels and meridional advection extending to lower boundary levels 

terms as well as the tilting term at middle-troposphere. 

  

The divergence field mainly contributes to reinforcement of the stretching and 

meridional advection term, which is important for intensifying the disturbances over 

Saudi Arabia. Though all the terms of vorticity equation exhibit vertical variation with 

respect to height and westward tilt, nevertheless the stretching term exhibits stronger 

westward tilt over Arabian Peninsula. The southeastward propagation of the weather 

disturbance over Arabia is stronger at upper levels in response to the weakening of the 

vertical shear of the mean wind. This is balanced by the stretching term through leading 

the lower level trough while holding back the upper part of the trough. Further, these 

results are complemented by composite budget analysis of all the cases by shifting the 

origin of each weather disturbance to a common center (Table 2 and Figure 11). The 

characteristics of the Arabian weather disturbances resemble with the combination of 

the mid-latitude weather disturbances (Lee et. al.1988, Grotjanhn 1996, Trigo et. al. 

2002) as well as the tropical weather systems (Daggupaty and Sikka 1977, Davidson 
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1995). The characteristics of wintertime weather disturbances, propagating from the 

Mediterranean region, over the wide spread Saudi Arabian desert, also are useful in 

exploring the dynamics of Extra-tropical and Tropical interactions. The incorporation of 

the convection in the vorticity equation will be helpful in exploring the transportation of 

sub grid-scale vorticity by convective clouds. The high-resolution data sets will be useful 

to further explore the meso-scale processes including the potential influences arising 

from the planetary boundary layer.   
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Figure 1. Time sequence of composited daily rainfall and moisture transport showing the evolution of 
Arabian rainfall events during January : a) for Day -2, b) for Day -1, c) for Day 0, d) for Day +1, e) for 
Day +2. The shading represents rainfall (units : mm/day), zero contour is suppressed. Moisture 
transport vector Q (units: Kg m-1 s-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Composite map of Arabian rainfall events during March. The shading represents the 
rainfall (units: mm/day), zero contour is suppressed. 
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Figure 3. Same as Figure 1 except for vertical velocity (units: Pa s-1) at 500 hPa. The contour interval 
is 0.02 units and zero contour is suppressed. The light shading represents statistical significance, of 
mid-tropospheric vertical velocity patterns, exceeding 90% level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Same as Figure 1 except for the Latitude-pressure cross section of horizontal wind 
divergence (units: 10-6 s-1 ). The contour interval is 2 units and zero contour is suppressed. 
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Figure 5. The vertical cross section of time sequence of the local rate of change of vorticity due to all 
the large-scale terms in the vorticity equation (described in the text) for a typical event of 8 January 
1999 : a) for 6 January, b) for 7 January, c) for 8 January, d) for 9 January and e) for 10 January. 
The computed quantities are averaged over 20 - 300 N and displayed in longitude-pressure plane. 
The shading represents the tendency terms (Units: 10-11s-2) in the vorticity equation, contour interval 
is 2 units and zero contour is suppressed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Same as Figure 5 except for the Stretching term in the vorticity equation. 
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Figure 7. Same as Figure 5 except for the zonal advection term in the vorticity equation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Same as Figure 5 except for the meridional advection term in the vorticity equation. 
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Figure 9. Same as Figure 5 except for the vertical advection term in the vorticity equation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Same as Figure 5 except for the tilting term in the vorticity equation. 
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Figure 11. a) Composite of horizontal divergence (units: 10-6 s-1) at 700 hPa. Composite maps 
showing terms in the vorticity equation at 700 hPa (units: 10-11 s-2 ) b) Tendency c) Stretching              
d) Zonal advection e) Meridional advection f) Vertical advection g) Tilting term. The composite is 
based on the significant Arabian rainfall events of January. The data for each case were shifted so 
as to place the center of weather disturbance at (20oN, 43oE). 
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