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Abstract

This paper describes the results of an analysis of extreme rainfall events in the central plateau of
Iran. To study the extreme events, daily records of eighteen stations’ rainfalls in the region for
different initial dates up to 2005 gathered from the bureau of meteorology. Then, the extreme
rainfall threshold was calculated for each individual station using the statistical index of Gamble
type L. Lastly, 22 mm was determined as the extreme rainfall value for the entire stations, and
eventually 17 out of 169 extreme precipitation events were extracted in accordance with three
factors including a) days with precipitation in not less than 50% of the stations, b) maximum rain-
fall is 22 mm or more in at least one of the stations, and c) mean precipitation of the basin is more
than 3 mm. In the next step to analyze the synoptic features, the relevant meteorological data i.e.
relative vorticity, geopotential height, sea level pressure, u and v wind components, relative hu-
midity, vertical velocity, and precipitable water content at multiple levels of the atmosphere were
examined from the NCEP/NCAR reanalysis dataset. The synoptic findings indicate that two pat-
terns of deep trough and high ridge of the eastern Mediterranean were responsible for making the
heavy precipitation events over the central plateau of Iran. The most and severest rainfall events
occurred via deep tough pattern, which covered 76% of days with extreme precipitations during
the examined period. Furthermore, the results suggest that the main moisture resources, which
identified by HYSPLIT model’s outputs and moisture convergence/divergence zones for the rainy
systems in the first pattern (deep trough) including Persian Gulf, Oman Sea, Indian Ocean, and Red
Sea, while for the second pattern (high ridge) Persian Gulf and Red Sea play a significant role in
feeding the storms in the central regions of Iran. Moreover, the southward movement of Polar
Vortex is also considered as those important factors to produce extreme precipitation events over
the central plateau of Iran. In general, the HYSPLIT trajectories model’s outputs confirmed the
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observed synoptic features in particular for the systems’ moisture feeding discussed in the pat-
terns.
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1. Introduction

Flash floods associated with extreme rain events are a major hydrological disaster in the central plateau of Iran
because of the unique topographic features of the region as well as high frequency of the occurrence of such
events. Knowledge of the spatiotemporal distribution of these events in the region and an understanding of the
factors responsible for them, therefore, would be immensely useful for appropriate disaster preparedness. Iranian
plateau, however, with regard to its specific geographic position is located in conjunction with large-scale syn-
optic features of the atmospheric general circulation, and also is to be considered as a place for interaction be-
tween the tropical and sub-tropical systems. This feature, together with a special topography resulted in a great
diversity of precipitation events to be observed for that region [1]. Studies regarding extreme events have re-
ceived growing attention since the Intergovernmental Panel on Climate Change (IPCC) second assessment re-
port [2]. From a global view, the changes of precipitation patterns extremes are not clear, although increases in
heavy precipitation [3] and annual precipitation [4] have been found. However, the differences found at a re-
gional scale have prompted a proliferation in regional studies on trends of extreme precipitation in widely sepa-
rated and contrasting areas [5]-[13].

Several studies on extreme precipitation events associated with the statistical and synoptic analyses using
various techniques over Iran [14]-[17] and worldwide [18]-[20] carried out by researchers.

[21], attempted to analyze the effects of cut-off low on the extreme precipitation occurrence over the central
and southwest of Iran from a synoptically point of view. They found that the onset of Siberia high as well as
formation of an extensive cut-off low over southern Caspian Sea and the center of the country was responsible
for the extreme rainfall events for that region. A statistical-synoptically analyses on the extreme precipitation
events carried out by [22] over Kerman province. They suggest that Eastern Mediterranean’s trough plays a sig-
nificant role in producing the extreme rainfalls for that area. [23] Examined the heavy rainfall events synopti-
cally during December 31, 1984 through January 4, 1985 over south Iran. They found that at surface level Sibe-
ria high, Azores dynamical high as well as a combined form of Sudanic low with Mediterranean system, and at
upper levels, Azores high center behind the rainy system and Saudi’s high center in front of the rainy system as
well as a deep trough of north Africa are responsible for occurrence of the heavy rainfall events in that region. A
synoptic analysis of heavy rainfall during March 7, through March 15, 2007 was conducted by [24] in West Iran.
They suggest that Mediterranean low system together with a tongue of Sudanic low caused this rain event, and
Mediterranean, Black and Red Seas played a significant role in feeding the system’s moisture, as well [25].
Identified the synoptic patterns of extreme precipitation events for northeast Iran, and suggest that Sudanic low,
combined lows of Sudanic-Mediterranean and Mediterranean lows systems have a great influence on the occur-
rence of extreme rainfall events for that region.

In other parts of the world analyses were made to investigate the extreme rainfall events using different tech-
nigques. [26], for example, compared the anomalies of extreme precipitation for 1895-1905 and 1990-2000 with
respect to an extended period (1895-2000). They found small positive anomalies along the West Coast (except
for Oregon) for the recent (1990-2000) period, but noted that the positive anomalies were greater for 1895-1905,
suggesting the importance of natural variability. In a similar study, [27] plotted the median value of a set of eight
extreme precipitation measures for 1895-2000 (for periods of one, five, and 30 days and one-, five-, and 20-year
return periods) and found modest increases over western Washington and northwest Oregon, declines over the
central and southern Oregon coastal zones, and little trend over northern coastal California. Madsen and [28]
examined the frequency of one-day precipitation events with a recurrence interval of one year or longer for
1948-2006, using the National Climatic Data Center (NCDC) Cooperative and Summary of the Day data set.
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They found a modest, statistically significant increase over western Washington, little change over northwest
Oregon, a statistically significant decrease over southern Oregon and northern California, and a significant in-
crease over the central and southern California coastal zones. Comparative analysis of indices of extreme rain-
fall events in relation to variations and trends from southern Mexico was conducted by [29]. They found that the
variations in extreme events were significantly related to ElI Nino-Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO), with extreme events tending to occur more frequently during La Nina periods and
during the positive phase of the PDO. [30] presented an analysis on extreme precipitation changes across the
Iberian Peninsula using a seasonal and annual aggregation of observed precipitation data and showed that the
main changes occurred in the intensity of northern and southern stations, with a decreasing trend over time,
suggesting that further work will be necessary to obtain a complete view of the spatiotemporal variability of
daily precipitation in the Iberian Peninsula [31]. Provide an insight of the spatial distribution of extreme precipi-
tation indices in Southern Portugal, investigating yearly trends and decadal space-time patterns showing that
there are no significant trends in the regional extreme indices studied.

The above studies are characterized by considerable differences in the magnitude and sign of extreme preci-
pitation trends, the periods and extreme precipitation measures considered as well as the spatial variability of the
these events. Nevertheless, many of these studies had elements in common. An understanding of the atmospher-
ic mechanism controlling extreme rainfall is necessary for assessing natural hazard risk and for developing
strategies of mitigation and response to these extreme events. For this purpose, the present study also seeks to
identify the main synoptic patterns associated with heavy precipitation events in the central plateau of Iran. The
paper is organized as follows: after a brief introduction and review of background related to the extreme preci-
pitation event’s literature, the methodology applied is described in Section 2. The main results are presented in
Section 3. Finally, in Section 4, a summary of these results is drawn.

2. Methodology

To identify the extreme precipitation patterns over the central plateau of Iran, at first the daily records of preci-
pitation for 18 sites covering the entire region for different initial dates up to the year 2005 were gathered from
the I. R. of Iran Meteorological Organization (IRIMO). Table 1 shows the general long-term characteristics of

Table 1. Long-term characteristics of precipitation in the selected weather stations.

Stations length of Dai_ly_ max Days'wit'h Meaq mon'thly Mean gnnyal _E_xtrgme_ Frequengy 'of )
records precipitation precipitation precipitation precipitation precipitation index extreme precipitation

Esfahan 45 48 35 10 119 21 25
Kerman 45 60 35 12 142 21 28
Yazd 45 48 22 5 59 18 11
Tabas 45 28 25 7 83 17 19
Kashan 40 58 38 11 137 20.4 24
Shargh Esfahan 30 48 32 9 106 29 3
Kahnoj 17 102 22 17 204 213 8
Natanz 14 50 48 16 195 20.3 11
Naein 14 35 29 9 112 19 2
Ardestan 14 51 33 10 115 24 7
Shahreza 13 40 36 12 142 26 6
Meibod 4 27 18 5 60 18 1
Abarkoh 3 46 20 6 76 19 2
Najafabad 3 23 34 14 166 19.2 1
Shahroud 45 42 49 13 161 19 57
Semnan 41 41 40 12 141 18 41
Sirjan 21 58 28 12 141 24 26
Baft 17 83 42 22 261 30.8 21
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the landfalls, and also the geographical locations of the stations in the central plateau of Iran are shown in Fig-
ure 1. It is almost infeasible to determine a specific value for the rainfalls an extreme precipitation index for the
entire country due to the diversity of the regions of precipitation in which it varies from place to place in the
country. In the present research, therefore, we employed the statistical distribution of Extreme Value Type I,
which is usually applied for positive skewness data to calculate the extreme values for each individual site. This
distribution is highly recommended for regions with large deviation in the long-term mean rainfall of the sta-
tions for that area. This is because, the extreme precipitation index for a given site is determined based on the
rainfall characteristics of that station, but not in accordance with the mean precipitations of all the stations in that
region Equation (1).

Gamblel=u+k+*o @

where, [ is mean data (average days with precipitation), o standard deviation (SD for days with precipitation)
and k frequency coefficient of data, which it is computed in terms of different return periods [32].

In this research, however, the frequency coefficient of data measured for a 50-year return period as well as the
extreme precipitation index for each individual station was calculated based on their average rainfall records.
Having calculated the extreme values (precipitation) index, an arithmetic mean was carried out of the calculated
extreme precipitation and in the long run, 22 mm determined as the extreme value index for the entire study area.
With regard to the point that the extreme value index of eighteen stations under study is between 17 mm and
30.8 mm; 22 mm was confirmed as the indicator of the extreme precipitation index over the central plateau of
Iran. On the whole, 17 extreme precipitation events out of 169 events were selected Table 2 to be analyzed dur-
ing the study period, according to the index value (22 mm) as well as the following three factors:

1) Days with precipitation in not less than 50% of the stations;
2) Maximum rainfall is 22 mm or more in at least one of the stations;
3) Mean precipitation of the basin is more than 3 mm.

Elevation

. High: 4216.24

L Low:3

012.525 50 75 100
Kilometers

Scale: 1:1000,000

Figure 1. Geographic location of eighteen stations in the central plateau of Iran considered in this study. The stations are
identified by black points with underlying topography.
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Table 2. The days of study with precipitation values for each weather station.

Weather stations

Year Month Day
Esfahan Kerman Yazd Tabas Kashan Shargh Esfahan Kahnoj  Natanz Naein

1993 2 3 31 29 10 0 24 4 0.1 8 0
1994 11 17 22 0.4 10.7 0 18 2 14 3 0
1995 3 21 2.3 75 27 0 4 8 11 11 0
1996 2 22 2 1 1 0 5 30 114 1.8 0
1996 3 4 21 4 35 1 10 0.1 1 0.2 0
1997 4 5 25.8 1 8 0 11.6 0.8 0.2 0.2 0
1998 2 12 16.4 11.2 15 0 17 6.5 25 1.7 0
1998 3 1 7 0.8 11 0 6 27 0 0.6 0
1999 3 2 15 2 29 0 24 35 10 19.9 0
2000 11 6 124 0.3 37 0 5.3 14 0.5 12.2 0
2003 12 6 6.4 6.1 5 0 13 0.7 11 11 0
2004 1 11 6 0.4 7 0 84 0.2 6.8 10 0
2004 1 13 32.1 0.2 9.8 0 17 3.6 1 0.2 0
2004 2 7 0 0.3 4 0 0 0 13 3 1
2004 12 10 0 3.2 5 0 0 0 4.4 0 0
2004 12 26 0 237 2 0 0 0.4 11 4.2 0
2005 1 12 3 0 23.3 0 5 10.2 0.4 14 0
vear Month Day Weather stations

Ardestan Shahreza Baft Sirjan Semnan Shahroud Meibod Abarkoh Najafabad
1993 2 3 5.3 0 0.6 0 0 0 * * *
1994 11 17 0 2 0 0 0 0 * * *
1995 3 21 0 0 0 2 5.6 4.6 * * *
1996 2 22 0 0 11 0.4 0 3 * * *
1996 3 4 6.2 0 9 4 3 10 * * *
1997 4 5 0 0.4 57 33 3 1 * * *
1998 2 12 12 0 13 13 8.8 6.6 * * *
1998 3 1 0.8 0 5 3 8 0.8 * * *
1999 3 2 0 1 18 39 10.1 10.1 * * *
2000 11 6 0 0 32 27 12 7 * * *
2003 12 6 0 0 174 4.8 24 0 0 46 0.6
2004 1 11 1 0 25 0 1 2 0 25 11
2004 1 13 0 0 2 0 0 0 0 0.7 23
2004 2 7 7 10 23 13 0 19 0 0.2 8
2004 12 10 3.2 0 31 18 6 8.9 0 4 5
2004 12 26 0 2 5 5.8 0 0 2 4
2005 1 12 9 0.2 12 24 19 41 0 11 0.8

In the next step, different data sources namely National Centers for Environmental Prediction/National Cen-
ter for Atmospheric Research (NCEP/NCAR) reanalysis dataset [33] and the European Centre for Medium-
Range Weather Forecasts (ECMWF), ranging from hourly to daily variables at multiple levels of the atmos-

phere were applied.
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In synoptic analysis, however, we will consider the following variables: surface (hPa) and upper pressure (m)
levels, relative humidity (%), u and v wind components (m/s), precipitable water content (kg/m?), vertical veloc-
ity (Pascal/s), and hourly and daily total of precipitation (mm). The weather charts then produced using Grid
Analysis and Display System (GrADS) software [34]. Furthermore, the hourly and daily precipitation data used
for the selected patterns, gathered from ECMWF. Lastly, the principle features of all extreme precipitation
events were closely examined using outputs produced by the software, and eventually the effective patterns in
making the extreme precipitations over the central plateau of the country were classified into two major patterns:
Eastern Mediterranean’s deep trough pattern and Eastern Mediterranean’s high ridge pattern, as well.

3. Results and Discussion

After examining the monthly pattern of the eastern Mediterranean’s deep trough, we found that March with 4
extreme precipitation occurrences possesses the most events, February ranked as the second one with 3 events
and also January and December with 2 events classified as the third rankings. In addition, April with 57 mm was
recognized as the severest extreme precipitation event among the selected days as well as December and March
months identified as the second and third rankings with 46 mm and 39 mm, respectively in this pattern. On the
whole, 13 (76%) out of 17 events of extreme precipitations took place within this pattern.

The second pattern i.e. Eastern Mediterranean’s high ridge pattern includes only 4 events (24%) of the ex-
treme precipitations, which occurred in January, February, November and December months. January with 41
mm ranked first, November classified as the second rank with 37 mm, as well as December and February
months with 31 mm and 30 mm, respectively ranked as the next positions in this pattern. The heaviest daily pre-
cipitation events taken place in Baft, Abarkoh and Sirjan stations with 57 mm, 46 mm and 39 mm, respectively
among the selected weather stations Table 3 and Figure 2.

Furthermore, the years 2000, 1999, 2005, 2003 and 1997 with precipitations 37 mm, 39 mm, 41 mm, 46 mm
and 57 mm, respectively hold the heaviest precipitation events among the selected years Table 2. Having identi-
fied the extreme precipitation events, we attempted to study the synoptic features of these events. It is believed
that, however, there are two major patterns in times of extreme precipitation occurrence over the central plateau
of Iran, which nominated as the Eastern Mediterranean’s deep trough pattern as well as the Eastern Mediterra-
nean’s high ridge pattern, which in the following sub-sections they are explained in detail separately.

Table 3. The heaviest, number and frequency of precipitation events for each individual pattern.

Deep trough pattern of eastern Mediterranean High ridge pattern of eastern Mediterranean
Months The heaviest Number of . The heaviest Number of
Lo requency P~ Frequency
precipitation events precipitation events
January 321 2 11 41 1 6
February 31 3 17 30 1 6
March 39 4 22
April 57 1 6
November 22 1 6 37 1 6
December 46 2 11 31 1 6
60 1 5

~~
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Figure 2. The distribution of extreme precipitations by month.
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3.1. Eastern Mediterranean Deep Trough Pattern

3.1.1. Synoptic Analysis

The main features of this pattern with heavy precipitation days are as follows: since low geopotential height
(compared to other locations at the same latitude) indicates the presence of a storm or trough at mid-troposphere
levels, it can be seen that at 500 hPaa deep trough extended over the Middle East with a direction northeas-
tern-southwestern expanded even to the latitudes 18°N and 25°N over Red Sea provided a suitable condition for
air rising resulting in a weather turbulence in the regions ahead including the study area, while the surrounding
areas where a relatively high geopotential height is predominant with a ridge, the weather is quiescent Figure
3(a). The size of the trough’s enlargement southwards is strongly depending on a ridge to be generated over Eu-
rope which enables the trough to be deepened. At surface, the thermal Sudan’s low is converted to a dynamic
low moving towards the east and northeast direction and it is extended even to the southwestern Iran and Saudi
Arabia as well, due to locating the eastern Mediterranean’s trough axis with a direction of north-south to nor-
theastern-southwestern between the longitudes 25°E and 40°E at the level of 500 hPa Figure 3(a).

The streams blow southwestern at 500 hPa over the central plateau of the country. Positive vorticity, which
indicates counterclockwise rotation of the winds, and/or lateral shear of the wind with stronger flow to the right
of the direction of flow, is quite strong exceeding 9 x 10 s * in the eye of the cyclone. The positive vorticity is
quite in good agreement with those of geopotential height fields, as positive vorticity at 500 hPa is associated
with cyclones or storms at upper levels, and will tend to coincide with troughs in the geopotential height field
Figure 3(a). At surface features, in this pattern, it can be seen that the Sudanic low spread out extraordinary to-
wards the higher latitudes so that resulted in a closed low pressure to be formed over Mediterranean Sea with a
central pressure 1005 hPa Figure 3(b). It has been always available at least a Sudanic system locating between
longitudes 40°E and 55°E as well as latitudes 25°N and 35°N during the occurrence of the extreme precipitation
events under this pattern. In addition, the trough was positively tilted and during January 11, 2004 had started to
progress towards the east of the region. The surface high, which situated over the Caspian Sea (with a central
pressure 1030 hPa) as a result of the extension of the Siberia high, was located under a diffluent region at upper

—— —— “'
70N — 52
G 3

60N

o

F1LL || | —NWhuo~000

\OCO~OMNPRWIN

OE 12E 27E 42E 55E 70E 85E 98E 105E OE 12

Figure 3. Analysis charts derived from NCEP/NCAR reanalysis dataset for: (a) 500 hPa geopotential height contours (m)
and relative vorticity (107 s™) shading; (b) SLP in hectopascal pressure (contours and shading); (c) Mean relative humidity
(%) at 850 hPa height represented in blue shaded, and streamlines are drawn in black barbs (m/s); (d) Precipitable water
content (kg/m?) shading and vertical velocity (Omega) at 850 hPa (Pascal/s) black contours valid at January 11, 2004.
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tropospheric levels, which helped maintain weak vertical wind shear above the system Figure 3(b). The surface
high moved eastward (not shown) in accordance with the general easterly component of movement of the upper
trough and also the northeasterly steering flow between the surface and the mid-troposphere circulation in the
apex of the upper level trough.

Southwesterly winds are blown over Iran but changed the direction to northwestward due to the influence of
the anticyclonic system over Oman Sea. With regard to this high center locating in front of the trough over the
Middle East as well as regarding the location of Sudanic low at beneath the axis of the eastern Mediterranean’s
trough and simultaneously convergence of these three systems with together, it has been led to transferring the
moisture from Red, and Arabian Seas as well as Persian Gulf to the central plateau of the country resulted in ex-
treme precipitation events for that region. It should be mentioned that the high center over Oman Sea is not af-
fected all of the precipitation events, but it intensifies the events via transferring the moisture of Oman sea and
Persian gulf when its axis is located between the longitudes 60°E and 65°E and the center is closed between the
latitudes 18°N and 22°N. Therefore, the relative humidity values varied between 50% - 100% over the region
under study Figure 3(c). The amounts of precipitable water exceeded 15 kg/m? on January 11, 2004 Figure 3(d)
over the central plateau of the country. As well as, a relatively strong upward motion (negative vertical velocity
values) with more than —0.08 Pas s * is seen over the region Figure 3(d). Generally, it is worthwhile to mention
that there is a good agreement between the negative vertical velocity values and the amounts of precipitable wa-
ter contents Figure 3(d).

3.1.2. HYSPLIT Trajectory Model and Moisture Convergence

We also tried to investigate the rainy system in relation to the individual (wet) air parcels value as well as mois-
ture convergence condition Figure 4. A backward trajectory Lagrangian model, therefore, was applied to further
investigate the system under study. The model was run for three stations i.e. Esfahan, Abarkoh and Kahnoj sta-
tions with ending at the peak time and ending time of the system’s activity over the central regions of Iran at
1200 UTC January 11 Figure 4(a), and 1600 UTC January 12, 2004 Figure 4(b) each one with 72 hours run
duration. The result indicates that at the peak time of rainfall event namely at January 11, 2004, due to the activ-
ity of an anticyclonic system over Oman Sea at 850 hPa level Figure 3(c) the wet air particles in the selected
stations at lower levels i.e. 500 and 1500 meter above ground levels, originated from Indian Ocean and passed
through Oman Sea as well as in particular Persian Gulf over the past three days (72-h) till the peak time of sys-
tem’s activity over the region Figure 4(a). Consequently, as Table 2 indicates, a considerable amount of rainfall
recorded at Esfahan (6 mm), Abarkoh (25 mm) and Kahnoj (6.8 mm) sites on January 11, 2004. At the same
time, as a result of the eastern Mediterranean deep trough, the air particles at 5000 AGL came from northeast of
Africa in particular from Red Sea Figure 4(a). The backward trajectories with ending at end time namely 1600
UTC January 12, 2004 for the system Figure 4(b) also indicate that the high system at lower levels left the In-
dian Ocean completely westwards located over the Saudi Arabia peninsula resulted in to stop the moisture
transport from Indian Ocean through lower levels streams i.e. 500 and 1500 AGL Figure 4(b), despite the fact
that the streams were still passing through the Persian Gulf. The air particles at 5000 AGL maintained their di-
rections’ position, though Figure 4(b). In general, the HYSPLIT model outputs confirm the observed synoptic
features for the system discussed above.

Figure 4(c) and Figure 4(d), depict surface wind and moisture convergence/divergence zones. This chart is
most useful for locating areas where thunderstorms likely to develop. The shading represents moisture conver-
gence, green for convergence—positive areas, and red for divergence—negative areas, represented at a contour
interval of 0.5 g-kg s ™. Areas of persistent moisture convergence over the central regions of the country are
favored regions for the rainy system development, since other factors e.g., instability were quite favorable. Two
of the primary factors in developing thunderstorms are a supply of moisture and low-level convergence. These
two quantities are combined in these charts Figure 4(c), Figure 4(d) to compute moisture convergence. Surface
moisture convergence generally precedes the development of thunderstorms by a few hours. The main resources
of moisture for the rainy system on January 11, 2004, as Figure 4(c) indicates, had been transferring from In-
dian Ocean and Persian Gulf towards the study area, as these resources were identified as divergence zones,
which conveyed huge amount of humidity to the region under study Figure 4(c). In contrast, at the ending time
of the system’s activity, the focal point of the moisture convergence moved to northern parts of the country,
mainly because of displacement of divergence fields towards the southern Iran Figure 4(d). In general, it is
worthwhile to mention that there is a very good agreement between the wet air parcels trajectories Figure 4(a),
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Figure 4. HYSPLIT model backward trajectory outputs ending at the peak time (a) and ending time (b) of system’s activity
over the region valid at 1200 UTC January 11, and 1600 UTC January 12, 2004 respectively. Model ran for 72 hours and
used a 12 hour time steps (nodes). The figures demonstrate the individual air parcels at three levels (500, 1500 and 5000 m
above ground level (AGL)) selected at Esfahan, Abarkoh and Kahnoj stations. Backward trajectory cross sections included in
bottom of each figure for same levels. Moisture convergence (green shading) and divergence (red shading) zones (g-kg s ™)
and wind streams (m-s™) at surface level valid at the same as in (a) and (b), respectively. Moisture convergence/divergence
was computed with GrADS software using 7 variables: relative humidity, air temperature, vapor pressure, mixing ratio, u
and v wind components and dew point temperature using NCEP/NCAR reanalysis dataset.

Figure 4(b), and moisture convergence and divergence fields Figure 4(c), Figure 4(d) during the study period
over the region.

3.1.3. Precipitation

Interim-full-daily total of precipitation data derived from ECMWF together with 4-times daily geopotential
height at 500 hPa derived from NCEP/NCAR reanalysis dataset for January 11, 2004 are shown in Figure 5.
Figures 5(a)-(d), indicate hourly total of precipitation in 3-h steps for 0000 UTC January 11, 0600 UTC January
11, 1200 UTC January 11, and 1800 UTC January 11, 2004 respectively, with the hourly geopotential heights in
6-h steps overlaid for the same dates. According to the figures, in early January 11, the eastern portion of study
area was situated in front of an eastern Mediterranean deep trough and due to availability of other criteria such
as instability and moisture feeding, a considerable amount of rainfall recorded at 0000 UTC January 11 Figure
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5(a). Six hours later i.e. at 0600 UTC January 11, the precipitation values intensified to some extent and moved
to the central and eastern parts of the region Figure 5(b) But the heaviest hourly rain occurred 12-hours later af-
ter it was affected the central plateau of the country at 1200 UTC January 11, when 500 hPa trough more dee-
pened and other criteria for the event were available, which intensified the landfall over the region Figure 5(c).
The spatial distribution of the precipitation pattern is similar to that noted in the pressure patterns (surface and
upper levels in Figure 3(a) and Figure 3(b)).

In fact, the extreme rainfall event is due to a deep Mediterranean trough that extended from northwest of the
country to central plateau of Iran. The storm’s intensity let up for the next 6 hours, and the precipitation region
moved southward to some extent but went on to rain with far less intensity over the southern areas of the central
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plateau Figure 5(d). The daily total of precipitation together with 500 hPa mean daily geopotential height is
shown in Figure 5(e). It is quite in a good agreement with those of the hourly total of precipitation discussed
above. The position of maximum rainfalls observed out of the study area Figure 5(e) i.e. in Shiraz station
(29.32°N, 52. 36°E) due to holding a better condition for moisture feeding as well as vertical velocity Figure 4.
The result Figure 5 of rainfall distribution over the region highly shows the presence of a large-scale cyclonic
circulation at upper levels (over Mediterranean Sea) and anticyclonic circulation at surface (over Caspian Sea)
leading to the heavy rainfall event over the central plateau of Iran.

3.2. Eastern Mediterranean High Ridge Pattern

3.2.1. Synoptic Analysis

The principal features of this pattern with heavy precipitation days are as follows: At 500 hPa a high ridge with
a northeastern-southwestern direction covered a region from eastern Mediterranean Sea through Black Sea be-
tween latitudes 65°N and 80°N leading to birth of a deep trough due to the large expansion the ridge over the
longitudes, which extended to the longitudes45°E and 53°E over central plateau of the country provided a suita-
ble condition for air rising resulting in a weather turbulence over the study area, while the western areas where a
relatively high geopotential height is predominant with the ridge i.e. between latitudes 20°N and 70°N, the
weather is quiescent. The streams blow in a direction of southwestern-northeastern at 500 hPa over the central
plateau of Iran. At the same time, the positive vorticity is quite strong exceeding 9 x 10> s ' in the eye of the
cyclone, and it is quite in good agreement with those of geopotential height fields Figure 6(a).

At the surface map, however, a strong high pressure with central pressure 1045 hPa closed over Siberia and
north of Baikal Lake resulting in to spread out the 1015 hPa and 1020 hPa isobars over Caspian Sea and some
regions in the north of Iran. Concurrently, Sudanic low with the central pressure 1005 hPa formed between lon-
gitudes 30°E and 45°E in such a way that, at times its core cells even cover north of Indian Ocean. Another huge
low pressure, accordantly, with less than 995 hPa central pressure also closed over the southern England, which
it is to be considered as a gigantic and strong low along with the weak and regressive behavior of the polar vor-
tex, these factors are to be taken into account as the major reasons of extreme landfalls under this pattern over
the central plateau of Iran. In this pattern, with regard to locating a high ridge at the middle atmosphere across
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the longitudes where the Sudanic low is situated at surface level, no condition is provided for the Sudanic low to
be strengthen and turning into a dynamical form. This issue is clearly shown in the form of the lack of isobars
concentration in the vicinity of the low center at the surface chart Figure 6(b).

With an anticyclonic circulation placing over the Persian Gulf, the moisture is absorbed feeding the rainy
system over the study areaFigure6c. Therefore, Persian Gulf plays a significant role in feeding the system’s
moisture over the region, although the weak role of Mediterranean and Black seas also should not be ignored.
The outstanding features regarding the occurrence of landfalls under this pattern include: weakening the polar
vortex which regressed and moved backward to above the latitudes 80°N and also more influence of Red Sea in
feeding the humidity for rainfall under this pattern as well as the movement of Indian Ocean high to the longi-
tudes between 60°E and 65°E, which with an anticyclonic circulation, it is admittedly transferring the moisture
of the Indian Ocean and Oman Sea to the region under study, to some extent. On the other hand, the moisture
resources of this pattern similar to the previous pattern, originated from Persian Gulf and Red sea locating be-
tween the latitudes 20°N and 30°N Figure 6(c). Therefore, the relative humidity values varied between 50% - 90%
over the central plateau of Iran Figure 6(c). The amounts of precipitable water exceeded 18 kg/m? on November
6, 2000 Figure 6(d) over the region under study. In addition, a strong upward motion (negative vertical velocity
values) with more than —0.1 Pas s is seen over the area Figure 6(d). On the whole, it is worthwhile to mention
that there is a great agreement between the negative vertical velocity values and the amounts of precipitable wa-
ter contents Figure 6(d).

3.2.2. HYSPLIT Trajectory Model and Moisture Convergence

The backward trajectory model for this pattern also was run for three stations of Shargh Esfahan, Yazd and Baft,
which had recorded the highest amount of rainfall see Table 2 on November 6, 2000, with ending at the peak
time and ending time of the system’s activity over the region at 0300 UTC November 6 Figure 7(a), and 0600
UTC November 7, 2000 Figure 7(b) each one with 72 hours run duration. The result indicates that at the peak
time of rainfall event i.e. at November 6, 2000, owing to the activity of a cyclonic system over Persian Gulf at
850 hPa level Figure 7(c) the wet air particles in the selected stations at lower levels i.e. 500 and 1500 meter
above ground levels, originated mainly from Persian Gulf over the past three days (72-h) till the peak time of
system’s activity over the study area Figure 7(a). As a result, as Table 2 indicates, a considerable amount of
rainfall recorded at the stations of Shargh Esfahan (14 mm), Yazd (37 mm) and Baft (32 mm) on November 6,
2000. Simultaneously, due to the eastern Mediterranean high ridge, the air particles at 5000 AGL came from
Red Sea towards the central regions of Iran Figure 7(a). The backward trajectories with ending at end time i.e.
0600 UTC November 7, 2000 at Shargh Esfahan and Yazd sites Figure 7(b) indicate a northerly and Baft site
shows a westerly lower levels streams i.e. 500 and 1500 AGL. Also, the air particles at 5000 AGL indicate a
northwesterly direction. All meaning that no moisture was transferring into the region anymore, which resulted
in to stop the rainfall over the study area Figure 7(b). On the whole, the HYSPLIT model outputs confirm the
observed synoptic features for this pattern’s system discussed above, as well.

The surface wind and moisture convergence/divergence zones are shown in Figure 7(c) and Figure 7(d). The
main resources of the moisture for the rainy system on November 6, 2000, as Figure 7(c) indicates, had been
transferring from Persian Gulf as well as Red Sea to some extent, towards the central regions of the country, as
these resources were identified as divergence zones (negative areas—red shading) on the map, which conveyed
a considerable amount of moisture at a rate of more than 2 g-kg s * to the region under study Figure 7(c).
These regions Figure 7(c) are quite in good agreement with those of HYSPLIT model’s outputs Figure 7(a). In
contrast, at the ending time of the system’s activity, the focal point of the moisture convergence displaced by
those of divergence zones over the study area Figure 7(d).

3.2.3. Precipitation

Figure 8 indicates the hourly total of precipitation data derived from ECMWF together with 4-times daily geo-
potential height at 500 hPa derived from NCEP/NCAR reanalysis dataset for November 6, 2000. The hourly to-
tal of precipitation in 3-h steps for 0000 UTC November 6, 0600 UTC November 6, 1200 UTC November 6,
and 1800 UTC November 6, 2000, with the hourly geopotential heights in 6-h steps overlaid is shown in Fig-
ures 8(a)-(d), respectively. Based on the figures, in early November 6, the northeastern section of the study area
was situated in front of a deep trough as a result of the extension of the Mediterranean’s high ridge toward the
higher latitudes and due to availability of other criteria such as instability and moisture feeding, some amount of
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rainfall recorded mainly on the northwestern parts of the region at 0000 UTC November 6 Figure 5(a). Six
hours later i.e. at 0600 UTC November 6, the intensity of precipitation values dwindled to some extent, but cov-
ered a larger area through moving to the central and northeastern parts of the region Figure 8(b).

The heaviest hourly rain, however, tookplace at 1200 UTC November 6, when 500 hPa trough highly dee-
pened and other criteria for the event were available that intensified the landfall over the region Figure 8(c). The
spatial distribution of the precipitation pattern is quite similar to that noted in the pressure patterns (surface and
upper levels in Figure 6. A cyclonic circulation was noticed between the height 4-km and 5-km over the central
plateau, especially over the western parts, where Esfahan station located and the surrounding area Figure 8(c).
The intensity of the storm dwindled for the next 6 hours, and the precipitation region moved to the eastern parts
of the country meaning that only a small portion of the southeastern region in the study area recorded some
rainfall Figure 8(d). The daily total of precipitation together with 500 hPa mean daily geopotential height is
shown in Figure 8(e). It is quite in a good agreement with those of the hourly total of precipitation discussed
above. The position of maximum rainfalls observed Figure 8(e) in Esfahan station (32.37°N, 51.40°E) in the
study area due to possessing a better condition for moisture feeding as well as vertical velocity Figure 7.

4. Summary

A climatology of extreme precipitation events over the central plateau of Iran has been conducted from a syn-
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optically point of view. The synoptic conditions suggest that the major drivers of the extreme precipitation
events could be classified into two patterns i.e. Eastern Mediterranean’s deep trough pattern as well as Eastern
Mediterranean’s high ridge pattern, which were nominated on the basis of the dynamical-synoptically features of
500 hPa level. However, our results show that the patterns of deep trough (76%) and high ridge (24%) of the
eastern Mediterranean were responsible for the extreme rainfall events, which the severest events caused by the
deep trough pattern. The axes of trough and ridge, in two patterns, were fluctuating between northeast-southwest
and north-south directions, respectively. The dynamical conditions of eastern Mediterranean and west of Europe
as well as enlargement of polar vortex towards the lower latitudes were identified as the most factors for making
the extreme rainfalls over the central plateau of the country.

The analysis of surface features also suggested that in the first pattern (deep trough), a low pressure center
was situated over the northwest Iran as well as Sudanic low was located over the southwest Saudi Arabia so that
it was extended towards the southwest of the country with 1010 hPa and 1015 hPa isobars passing through south
Iran and Persian Gulf when the extreme rainfalls were taken place over the region. While the second pattern
(high ridge) representing a strong low pressure center over west Europe and a robust high pressure center over
Siberia and north of Baikal lake, meanwhile Sudanic low highly weakened with far less isobar intensity and
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1010 hPa isobars were traveling through the west of the country. The major moisture recourses feeding the ex-
treme rainfall events, which identified by HYSPLIT model’s outputs and moisture convergence/divergence
zones include: Persian Gulf, Oman Sea, Indian Ocean, and Red Sea. The heaviest rainfall is occurred when the
dynamical condition of atmosphere is somehow to provide the required moistures from all the resources men-
tioned above, which these conditions were available for the first pattern, but with regard to the situation of the
high ridge in the second pattern, the most moisture fed by Persian Gulf and Red Sea respectively, while the role
of Mediterranean Sea cannot be ignored, and Black and Caspian Seas have no influence on the extreme precipi-
tation events in the central regions of Iran. In general, the HYSPLIT trajectories model’s outputs confirmed the
observed synoptic features in particular for the systems’ moisture feeding discussed earlier.
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