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Abstract The interannual variation of precipitation in the

southern part of Iran and its link with the large-scale cli-

mate modes are examined using monthly data from 183

meteorological stations during 1974–2005. The majority of

precipitation occurs during the rainy season from October

to May. The interannual variation in fall and early winter

during the first part of the rainy season shows apparently a

significant positive correlation with the Indian Ocean

Dipole (IOD) and El Niño-Southern Oscillation (ENSO).

However, a partial correlation analysis used to extract the

respective influence of IOD and ENSO shows a significant

positive correlation only with the IOD and not with ENSO.

The southeasterly moisture flux anomaly over the Arabian

Sea turns anti-cyclonically and transport more moisture to

the southern part of Iran from the Arabian Sea, the Red

Sea, and the Persian Gulf during the positive IOD. On the

other hand, the moisture flux has northerly anomaly over

Iran during the negative IOD, which results in reduced

moisture supply from the south. During the latter part of

the rainy season in late winter and spring, the interannual

variation of precipitation is more strongly influenced by

modes of variability over the Mediterranean Sea. The

induced large-scale atmospheric circulation anomaly con-

trols moisture supply from the Red Sea and the Persian

Gulf.

Keywords Interannual variation � Precipitation � IOD �
ENSO � Iran

1 Introduction

The interannual variability of precipitation is very impor-

tant for biological and agricultural activities. Because of its

low annual mean precipitation, Iran is commonly regarded

as an arid country. However, this is a climatic simplifica-

tion, because precipitation varies significantly in space and

time (Domroes et al. 1998). El Niño/Southern Oscillation

(ENSO) has been considered to be one of the most

important causes of the interannual variation in rainfall

over Iran (Nazemosadat and Cordery 2000; Nazemosadat

2001; Ghasemi 2003; Nazemosadat et al. 2006). For

instance, Nazemosadat and Ghasemi (2004) reported that

warm ENSO phases substantially reduce (enhance) the

intensity and probability of the drought (wet) period in fall,

particularly in southern districts. On the other hand, when

La Niña condition prevails, the probability of severe

drought increases in fall. In winter, the response of rainfall

to ENSO events is generally weaker.

On the other hand, Ghasemi and Khalili (2008) found a

link with the North Sea–Caspian pattern (NCP) and Wes-

tern Mediterranean Oscillation (WeMO). Also, Raziei et al.

(2011) reported that the spatial distribution of precipitation

over Iran is largely governed by geographical position of

both the mid-troposphere trough over the Middle East and
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the Arabian anticyclone. However, relatively few studies

have focused on the influence of the Indian Ocean climate

variability even though it is a source of moisture.

The Indian Ocean dipole (IOD; Saji et al. 1999) is a

large-scale climate mode that seriously influences many

nations around the Indian Ocean rim, as well as global

climate system (see also Webster et al. 1999). During a

positive event, the sea surface temperature (SST) is

anomalously cool in the east and warm in the west, and it is

associated with the equatorial easterly anomaly (Yamagata

et al. 2004). The role of IOD in climate variability on many

parts of the globe has been discussed in a number of papers

(Ashok et al. 2001, 2003; Zubair et al. 2003; Saji and

Yamagata 2003; England et al. 2006). For example, Cha-

kraborty et al. (2006) have analyzed the influence of the

IOD on Saudi Arabia, and demonstrated an increase in

atmospheric moisture flux through the enhancement of the

synoptic variability called the Arabian cyclone during

positive IOD events. Yuan et al. (2009, 2011) showed that

the Tibetan snow cover in early winter is positively cor-

related with the IOD. However, no study to date has

investigated the influence of the IOD on the precipitation

over the southern part of Iran. Therefore, the goal of the

study is first to identify the role of the IOD on the seasonal

Fig. 1 a Topography map of

Iran and geophysical study area,

b precipitation climatology in

the southern part of Iran from

October 1974 to May 2005
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variation in precipitation over the southern part of Iran and

then to examine the mechanism of interannual variation in

precipitation. A brief description of data used in this study

is given in the next section. In Sect. 3, we examine the

seasonal variation of precipitation over the southern part of

Iran to identify the rainy season. The interannual variation

and its possible mechanisms are discussed in Sects. 4 and

5, respectively. The last section summarizes the main

results.

2 Data

Monthly precipitation data from 183 stations in the southern

part of Iran were made available by the Iranian Metrological

Organization and the Iranian Water Resource Institute. The

SST data used in the present study is the Hadley Centre sea

ice and sea surface temperature (HADISST; Rayner et al.

2003). It is monthly data with 1� 9 1� horizontal resolution.

The NCEP/NCAR reanalysis data (Kalnay 1996) is used for

wind and specific humidity. For all data, we adopted the

period from October 1974 to May 2005.

3 Precipitation climatology of the southern part of Iran

Southern Iran comprises an area of 25–35�N, 45–64�E. The

Zagros Mountains in the west, the Persian Gulf and the

Oman Sea to the south, and two very dry deserts in central

Iran have helped to shape precipitation regimes (Fig. 1a).

There are 13 provinces in the southern part of Iran. Most of

the water resource of the entire country is provided by the

Zagros Mountains and three large rivers, which are located

in the southwestern part of Iran. Therefore, social, envi-

ronmental and agricultural vulnerability highly depend on

the drought severity in this region. Figure 2 shows the

seasonal precipitation climatology from October 1974 to

May 2005 for every province. About 98 percent of the

annual precipitation occurs in October–May in 12 out of 13

provinces in the southern part of Iran. In the southeastern

province, a weak precipitation maximum occurs in sum-

mer, but about 90 % of precipitation occurs between

October and May. Thus, we select a rainy season from

October to May. It is clear that a strong gradient exists with

higher values in the western part of Iran and lower values

towards the southeastern and central parts of Iran (Fig. 1b).

4 Interannual variation

To capture the dominant mode of interannual variability,

we have applied the EOF analysis to detrended monthly

precipitation anomaly data from 183 stations. Figures 3

and 4 show the monthly-stratified spatial patterns and

principal components of the first EOF mode from October

to May. We have also shown results for October–Decem-

ber (OND) and January-May (JFMAM). Except for May

(38.8 %), more than 50 % of the total variance is explained

by the first mode. Thus, the first EOF mode is a good

indicator for interannual variation of precipitation. In

general, stations in the mountainous region to the west

around Zagros Mountains have larger loadings, suggesting

that topography plays an important role in distribution of

precipitation anomaly. Also, we note that the precipitation

magnitude is larger in the middle of rainy season from

December to March.

We then calculated correlation coefficient between the

SST anomaly and the principle component of the first EOF

mode for each month from October to May to obtain a clue

Table 1 Climate mode indices

Index Definition

DMI SSTA (40�–60�E, 10�S–10�N) - SSTA (90�–110�E, 10�S-

Equator)

Niño-3 SSTA over (90�–15�W, 5�S–5�N)

IOBM SSTA over (40�–100�E, 20�S–20�N)

WIO SSTA over (40�–70�E, 20�S–20�N)

TAO SSTA over (310�–342�E, 3�–22�N)

AMM SST and wind components (10 m) (21�S–32�N, 74�W–

15�E)

NAO RPCs of NH Mean 700 hPa heights

WeMO SLP (45�240N–11�470E, 36�170N–6� 070W)

EMI SSTA (165�E–140�W, 10�S–10�N) - 0.5[SSTA (110�–

70�W, 15�S–5�N)] - 0.5[SSTA (125�–145�E, 10�S–

20�N)]

The symbols in the definition are as follows: SST sea surface temperature,

SSTA sea surface temperature anomaly, RPCs rotated principle compo-

nent, NH Northern hemisphere, SLP surface level pressure

Table 2 Correlation and partial correlation coefficients of the first

EOF mode with DMI and Niño-3 index

EOF1 Correlation with Partial correlations with

DMI Niño3 DMI Niño3

Oct 0.565** 0.481** 0.346 0.081

Nov 0.452** 0.297 0.371* -0.101

Dec 0.103 0.099 0.041 0.031

Jan -0.112 0.107 -0.312 0.311

Feb -0.086 0.031 -0.175 0.156

Mar -0.095 0.135 -0.321 0.334

Apr -0.131 0.026 -0.242 0.206

May -0.064 -0.051 -0.039 -0.001

OND 0.451** 0.339 0.316 -0.020

* (**) Significant at 95 % (99 %) by t test
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about causes of the interannual variation (Fig. 5). In

October and November, positive correlations are found

over the eastern tropical Pacific and the western tropical

Indian Ocean, and negative correlations are found over the

eastern tropical Indian Ocean and the Indonesian seas. In

fact, a simple correlation coefficient calculated between the

DMI (Niño-3 index) defined in Table 1 and principle

components is 0.565 (0.481) for October and 0.452 (0.371)

for November (Table 2). These values apparently suggest

that the interannual variation of precipitation during these

two months may be related with the IOD and/or ENSO.

However, we need to be careful in use of the simple

correlation technique (Yamagata et al. 2004), because

some IOD and ENSO events co-occur. To extract the

respective influence of IOD and ENSO by assuming the

independence, we here calculate a partial correlation,

which is given by

r13;2 ¼ ðr13� r12 � r23Þ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� r2
12Þð1� r2

23

q
Þ ð1Þ

Here, r13,2 is the partial correlation between variable 1 and

variable 3 without influence from variable 2 and r13, r12,

Fig. 2 Seasonal precipitation climatology in every province in the southern part of Iran from October 1974 to May 2005
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and r23 are correlation coefficients between the variables 1

and 3, 1 and 2, and 2 and 3, respectively. The partial

correlation between the first EOF mode and the DMI

(Dipole Mode Index) after removing the contribution from

the Niño-3 index is 0.316 for OND, whereas that between

the first EOF mode and the Niño-3 index after removing the

contribution from the DMI is -0.020. Thus, the interannual

variation of rainfall over southern Iran during the first part

of rainy season is more closely linked with the IOD, and

the positive correlation with the Niño-3 index is just a

reflection of positive correlation between the DMI and the

Niño-3 index. This is contrasted with the previous studies

that suggested the apparent connection with ENSO.

Since the IOD decays in boreal winter and no statisti-

cally significant correlation is found in the latter part of the

rainy season (Table 2), we need to seek for other climate

Fig. 3 Spatial pattern of EOF1 for each month from October to May, OND, and JFMAM. The variance contributions are shown in parentheses
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modes that influence the interannual variation of rainfall.

For this purpose, we compute correlation between the SST

anomaly and the principle component of the first EOF

mode for JFMAM (Fig. 6).

We find positive correlations in addition to some

positive ENSO signal in the tropical Pacific, the tropical

Indian Ocean, the tropical North Atlantic, and the western

Mediterranean Sea. Based on the above, we have per-

formed correlation analysis with Indian Ocean Basin

Mode Index (IOBMI; Yang et al. 2007), Western Indian

Ocean Index (WIOI), Tropical Atlantic Ocean Index

(TAOI), Atlantic Meridional Mode Index (AMMI; Chiang

and Vimont 2004; Doi et al. 2010), North Atlantic

Oscillation Index (NAOI; Barnston and Livezey 1987), El

Fig. 4 Normalized principle component of EOF1 for each month from October to May, OND and JFMAM
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Niño Modoki Index (EMI; Ashok et al. 2007; Weng et al.

2007) and Western Mediterranean Oscillation Index

(WeMOI; Martin-Vide and Lopez-Bustins 2006) to check

possible connections with large-scale climate modes

except for ENSO (Table 3).

The strongest correlation with the principle component

of the first EOF mode is found for WeMOI; the correlation

Fig. 5 Distribution of normal correlation coefficient between SST anomaly and the principle component of EOF1 for October to May. The

values of ±0.35 and ±0.45 are at 95 and 99 % confidence level by two-tailed t test

Fig. 6 Distribution of normal correlation coefficient between the SST anomaly and the principle component of EOF1 for a OND and b JFMAM.

The values of ±0.35 and ±0.45 are at 95 and 99 % confidence levels by two-tailed t test
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Table 3 Simple and partial correlation coefficients of first EOF mode with DMI, IOBMI, WIOI, TAOI, AMMI, NAOI, WeMOI, EMI

EOF1 DMI IOBMI WIOI TAOI AMMI NAOI WeMOI EMI

Oct 0.565** 0.556** 0.537** 0.031 -0.126 -0.052 -0.332 0.262

Nov 0.452** 0.068 0.103 -0.381* -0.387* 0.187 -0.243 0.164

Dec 0.103 0.006 0.028 -0.038 0.010 -0.023 -0.261 0.233

Jan -0.112 0.264 0.459** 0.551** 0.424* -0.147 -0.205 0.130

Feb -0.086 0.216 0.382 0.104 0.076 0.083 -0.257 0.116

Mar -0.095 0.193 0.103 0.066 0.031 -0.132 -0.374* 0.224

Apr -0.131 -0.034 -0.163 -0.054 -0.044 -0.043 -0.425* 0.308

May -0.064 -0.144 -0.065 -0.276 -0.226 0.077 -0.255 0.101

OND 0.451** 0.061 0.118 -0.257 -0.273 0.300 -0.211 0.291

JFMAM -0.167 0.14 0.248 0.283 0.251 -0.087 -0.505** 0.298

* (**) significant at 95 % (99 %) by t test

Fig. 7 Composites of moisture

flux anomaly in OND during

a wet and b dry years (Unit:

kg m-1 s-1, vectors are plotted

only where they are significant

at the 90 % confidence level)

and moisture flux anomaly

divergence (Unit: 10-4

kg m-2 s-1). c Climatology of

moisture flux in OND

Table 4 Dry and wet years in OND -JFMAM

Months Wet years Dry years

OND 1977, 1986, 1991, 1994, 2001, 2004 1981, 1983, 1990, 1993, 1996, 1998, 1999

JFMAM 1976, 1980, 1982, 1993, 1996, 1998, 1999 1977, 1984, 1985, 1987, 1989, 1994, 2000, 2001
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coefficient is -0.505 for JFMAM, which is significant at

99 % confidence level. Therefore, the WeMO may play an

important role in modulating rainfall over the southern part

of Iran during the latter part of the rainy season. Also, the

correlation coefficient with the WIOI is 0.459 in January

and 0.382 in February, and that with the TAOI is 0.551 and

the AMMI is 0.424 in January. Thus, these climate modes

may also play a role, but the correlation coefficients with

these indices are not significant at 95 % confidence level

for JFMAM.

5 Mechanism

To investigate the mechanism in detail, the moisture flux

vector (Qu, Qv) defined by

Qu ¼
1

g

ZPsurf

Ptop

qudp; Qv ¼
1

g

ZPsurf

Ptop

qvdp; ð2Þ

is calculated. Here, p is pressure, Psurf is the surface

pressure, Ptop is the pressure of the top moisture layer

(300 hPa in the NCEP/NCAR reanalysis data), q is the

specific humidity, and (u, v) are zonal and meridional

velocity components. Also, the contribution of anomalous

advection of climatological moisture

Q0u ¼
1

g

ZPsurf

Ptop

�qu0dp; Q0v ¼
1

g

ZPsurf

Ptop

�qv0dp; ð3Þ

and climatological advection of anomalous moisture

Q0u ¼
1

g

ZPsurf

Ptop

q0�udp; Q0v ¼
1

g

ZPsurf

Ptop

q0�vdp; ð4Þ

are calculated. Here, �qðq0Þ, �uðu0Þ and �vðv0Þ are the clima-

tology (anomaly) of specific humidity and zonal and

meridional velocity components, respectively.

Fig. 8 Composites of the relative vorticity anomaly at 500 hPa (in 10-5 s-1) during a wet and b dry years in OND, and c wet and d dry years in

JFMAM. Anomalies exceeding 90 % confidence level are shaded

Fig. 9 Composites of SLP anomalies (in hPa) for a wet and b dry years in OND. Anomalies exceeding 90 % confidence level are shaded
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5.1 First part of the rainy season (OND)

Prior to examining the moisture flux anomaly, it is

important to understand the climatological moisture flux.

The Arabian anticyclone has important role in controlling

the spatial pattern of precipitation over Iran. In autumn,

when cyclone tracks are at higher latitudes and the Arabian

anticyclone is still at its summer-mean position, the axis is

north of the Arabian Peninsula (Raziei et al. 2011).

The climatological moisture flux during the first part of

the rainy season (i.e. OND) is shown in Fig. 7c. The

moisture flux from the Arabian Sea that turns anticyclon-

ically over the Arabian Peninsula and the westerly moisture

flux coming from the Mediterranean Sea bring moisture

to the western and southern part of Iran. Yuan et al.

(2011) recently showed that the anticyclonic circulation is

strengthened as a response to the diabatic heating above the

Arabian Sea during the IOD.

Figure 7a shows the composite map for the moisture

flux anomaly during the wet years. Here, wet (dry) years

correspond to those years with the principal component of

the first EOF mode for OND above 0.8 (below -0.8)

standard deviation (see Table 4). The anomalous moisture

flux anomaly from the Arabian Sea turning anticyclonically

and that from the Red Sea converge and flow toward the

southern part of Iran, causing more precipitation there. As

shown in Fig. 8a, this is associated with a positive (nega-

tive) relative vorticity anomaly over both the eastern

Mediterranean Sea and the north Red Sea (East Arabian

Peninsula–Arabian Sea). These two systems help to trans-

port more moisture to the southern part of Iran. Also, when

the contribution from the anomalous advection of clima-

tological moisture is compared with that from the clima-

tological advection of anomalous moisture, it is found that

the contribution from the former dominates (Fig. 10). On

the other hand, the direction of moisture flux anomaly

during dry years is almost opposite to that of wet years

(Fig. 7a, b). This is associated with the northward shift of

the Arabian anticyclone to the northern Red Sea (Fig. 8b).

The SLP anomalies around the Bay of Bengal (northeast of

Iran) are positive (negative) during wet years. The positive

SLP anomaly shifts northward, whereas the negative

anomaly is over the Mediterranean Sea for dry years

(Fig. 9a, b).

Fig. 10 Composites of moisture flux anomaly for wet years:

a anomalous advection of moisture and b advection of anomalous

moisture in OND and JFMAM (Unit: kg m-1 s-1, vectors are plotted

only where they are significant at the 90 % confidence level)

Fig. 11 Composites of moisture flux anomaly in October–November of a positive and b negative IOD (Unit: kg m-1 s-1, vectors are plotted

only where they are significant at the 90 % confidence level) and moisture flux anomaly divergence (Unit: 10-4 kg m-2 s-1)

2338 F. Pourasghar et al.
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Since the DMI has a significant positive correlation with

the first EOF mode during October and November, com-

posites of moisture flux are constructed for positive and

negative IOD events in October–November. Years in

which the DMI is above (below) one standard deviation in

October–November are selected to identify five positive

(1977, 1982, 1994, 1997 and 2002) and three negative

(1975, 1996 and 1998) IOD events. During the positive

IOD, the anomalous southeasterly moisture flux over the

Arabian Sea turns anticyclonically and transport more

moisture to the southern part of Iran from the Arabian Sea,

the Red Sea, and the Persian Gulf (Fig. 11a). In contrast,

the moisture flux has a small northerly anomaly over Iran

during the negative IOD, which is indicative of reduced

moisture supply from the south (Fig. 11b). The above

moisture flux anomaly pattern for the positive (negative)

Fig. 12 Composites of SLP anomalies (in hPa) for a positive and b negative IOD. Anomalies exceeding 90 % confidence level are shaded

Fig. 13 Composites of

moisture flux anomaly in

JFMAM during a wet and b dry

years (Unit: kg m-1 s-1,

vectors are plotted only where

they are significant at the 90 %

confidence level) and moisture

flux anomaly divergence (Unit:

10-4 kg m-2 s-1).

c Climatology of moisture flux

in JFMAM

Precipitation variability in Iran 2339

123



IOD resembles that of the wet (dry) years as expected. The

SLP anomalies centered around the Bay of Bengal is

positive (negative) during positive (negative) IOD events

(Figs. 12a, b).

5.2 Second part of the rainy season (JFMAM)

In winter and spring, the Arabian anticyclone moves to the

east and over the Arabian Sea (Raziei et al. 2011). Fig-

ure 13c shows the climatological moisture flux in JFMAM.

The westerly moisture flux from the Mediterranean Sea and

southwesterly moisture flux from the Red Sea and the

Persian Gulf converge around the southern part of Iran.

In the composite of wet years (Fig. 13a), the westerly

moisture flux anomaly from the Mediterranean Sea and the

Red Sea and southwesterly moisture flux anomaly origi-

nating from the western tropical Indian Ocean are

observed. These suggest that the moisture flux is enhanced

as compared to the climatology such that the precipitation

over the southern part of Iran increases. As shown in

Fig. 10, the contribution from anomalous advection of

climatological moisture is more dominant compared with

that from the climatological advection of anomalous

moisture. The positive (negative) relative vorticity anom-

aly over the western Mediterranean Sea (North Africa), as

seen in Fig. 8c, suggests the possible role of the WeMO.

On the other hand, an easterly moisture flux anomaly is

found over the southern part of Iran, and a northeasterly

moisture flux anomaly is seen from the Persian Gulf to

the Red Sea (Fig. 13b). These anomalies are opposite to the

climatological flux, and are indicative of weakening in

the climatological moisture transport during this season. The

relative vorticity anomaly shown in Fig. 8d suggests that

northward shift of the anticyclone over the Mediterranean

Sea.

6 Conclusions

In this study, interannual variations of precipitation in the

southern part of Iran are studied using reanalysis and

rainfall station data from 1974 to 2005. Since the major

part of precipitation in the southern part of Iran occurs

during October to May, we have focused on these partic-

ular months. The first EOF explains more than 50 % of the

total variance in precipitation anomaly from October to

April and 38.8 % in May. The interannual variation of

rainfall in October and November is more closely con-

nected to IOD than ENSO. This is contrasted with the past

studies suggesting that the interannual variation is caused

by ENSO. This apparent discrepancy arises from the fact

that some positive IOD and El Niño events co-occur. Since

the IOD decays in boreal winter, this also explains why the

past studies found the correlation with ENSO only during

boreal autumn even though canonical ENSO events peak in

winter and stay even in spring. The moisture flux anomaly

shows that the southeasterly anomaly over the Arabian Sea

turns anti-cyclonically and transports more moisture to the

southern part of Iran from the Arabian Sea, Red Sea, and

Persian Gulf during the positive IOD. In contrast, the

moisture flux has a northerly anomaly over Iran during the

negative IOD, which signifies reduced moisture supply

from the south. Therefore, it is important to pay more

attention to the Indian Ocean when predicting the precip-

itation anomaly in the first part of the rainy season. On the

other hand, the interannual variation of precipitation in the

second part of the rainy season is more strongly influenced by

a mode of variability in the Mediterranean Sea. The induced

large-scale atmospheric circulation anomaly controls mois-

ture supply from the Red Sea and the Persian Gulf.

The present research is based on analyses of the obser-

vational data using linear statistical methods. Further

studies using GCM experiments are required to isolate

influences of each of climate modes on the precipitation

variation over Iran.
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