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Abstract This study investigated the relationship between
the Indian Ocean Dipole (IOD) and the precipitation of
Pakistan using data for the period of 1958–2010. The
long-term evolution of the IOD index did not show interannual patterns similar to those of the annual precipitation
of Pakistan. No linkage between the co-occurring trends
of the IOD and the precipitation was traced during the
period of investigation. The correlation between the IOD
and the precipitation of Pakistan indicated a noteworthy
impact over the monsoonal regions, especially the coastal
area and the western region of Pakistan, which showed a
significant positive correlation between the IOD index
and annual and summer precipitation. A significant positive relationship was also revealed between the precipitation of the Balochistan Plateau and the IOD index for the
summer monsoon season. No connection was observed
between the IOD and the precipitation of the northern
regions and the upper Indus Plain of Pakistan. Positive
phases of the IOD have been noted to occur along with
surplus precipitation during active monsoon conditions.
The southeasterly wind moves from the Arabian Sea and
transports additional moisture from the Arabian Sea to the
coastal and southwestern parts of Pakistan during positive
phases of the IOD.
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1 Introduction
Study of the climatic mechanism between the Indian Ocean
and precipitation has focused on the oceanic and atmospheric
response, and the relationship between the state of the Indian
Ocean and the interannual variability of monsoon rainfall has
been investigated through the past several decades (Shukla
1975; Kripalani et al. 2005). However, in the last two decades,
climate scientists have observed a distinct climate anomaly
over the Indian Ocean. These anomalous events of the
Indian Ocean, known as Indian Ocean Dipole (IOD) events,
are related to the climatic variability of sea surface anomalies
in the eastern and western tropical Indian Ocean. During
positive phases of the IOD, the sea surface temperature of
the tropical Indian Ocean is unusually cool in the east and
unusually warm in the west. The opposite relationship
occurs during negative phases. Saji et al. (1999) stated that
the IOD is an essential air–sea coupled mode characterized by
opposing sea surface temperature anomalies in the western
and the eastern tropical Indian Ocean.
The role of the IOD in the climate of many regions of the
world has been debated. Yuan et al. (2009) showed that the
early winter Tibetan snow cover has a significant positive
relationship with the IOD. Moreover, this study revealed that
the El Niño Southern Oscillation (ENSO) has no influence on
spring and early summer Tibetan snow cover and, in contrast,
that the influence of the IOD on Tibetan snow cover continues
from the early winter to the early summer. Chakraborty et al.
(2005) examined the influence of the IOD on Saudi Arabia
and found an increase in the moisture flux transported from
the Arabian cyclone during positive IOD episodes. They also
observed that the North Atlantic Ocean and the South Atlantic
Ocean contribute moisture to Saudi Arabia during the positive
phase of the IOD. Similarly, Pourasghar et al. (2012) analyzed
the interannual variability of precipitation in southern Iran and
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confirmed an increased flux of atmospheric moisture from the
Arabian Sea, the Persian Gulf, and the Red Sea during positive
IOD phases and a lower supply of moisture during negative
IOD phases.
Indian summer monsoon rainfall (ISMR) has a significant
impact on the subcontinent region. Thus, knowledge about
ISMR and its association with the IOD is a matter of great
significance to research. The relationship between ISMR and
the IOD index has been observed by many studies (Behera
et al. 1999; Saji et al. 1999). Ashok et al. (2001) studied the
influence of the IOD on ISMR and established a complementary relation between ENSO–ISMR and IOD–ISMR using an
atmospheric general circulation model and observational analysis. The study discovered that the IOD–ISMR correlation is
high when the ENSO–ISMR correlation is low. Sarkar et al.
(2004) provided additional support for this hypothesis, and
Ashok et al. (2004) discovered separate influences of ENSO
and IOD on ISMR. It has been revealed that a positive IOD
episode reduces the effect of ENSO on ISMR and simultaneously directly influences ISMR over western India and
western Pakistan by providing supplementary rainfall.
Saji and Yamagata (2003a) established that interdecadal
variations contribute significantly to tropical Indian Ocean
sea surface temperature. The study claimed that the IOD is
not a part of the ENSO phenomenon in the tropical Indian
Ocean. Subsequently, the same authors investigated the influences of IOD mode events on global climate (Saji and
Yamagata 2003b). A significant correlation with IOD episodes was observed over Europe, northeast Asia, North and
South America, and southern Africa, and for larger rainfall
over the Asian monsoon trough spreading from Pakistan to
southern China (Saji and Yamagata 2003b). Yuan et al.
(2008a) noted that the decadal variability of the long-term
IOD depends mostly on the warming phase of the western
Indian Ocean. The authors found that the negative phase
was dominant prior to 1920 but that the positive phase
prevailed after 1960 (Kripalani and Kumar 2004). For improved climate prediction in the South China Sea, Yuan
et al. (2008b) studied the impact of the IOD on the Asian
summer monsoon in the subsequent year and found that a
normal onset of summer monsoon is associated with a previous positive phase of the IOD. The study determined that the
subsurface dipole mode has a higher magnitude than the sea
surface dipole on the South China Sea.
Recently, numerous studies have revealed the influence of
the IOD and the seasonal evolution of the IOD on precipitation and have observed possible impacts of the IOD on the
climate of various regions of the world. Particularly, climate
researchers have agreed that ISMR is positively affected by
the IOD (Ashok et al. 2004; Ihara et al. 2007). Pakistan also
has a dominant summer monsoon rainfall climatology; thus,
previous studies provide impetus for the present study, which
investigates the relationship between the IOD and the

precipitation of Pakistan. Precipitation patterns affect the
economy of Pakistan, such as in agriculture, construction,
and the transportation system. Thus, understanding the relationships among the phases of the IOD and precipitation in
Pakistan is significant for understanding variations of precipitation for future forecasting to better manage the regional
environment and the economic sectors of the country. The
main objective of this study was to identify the possible relationships between IOD mode and precipitation in the various
rainfall regions of Pakistan (Hussain and Lee 2009). In particular, this effort endeavored to clarify any possible links between the IOD and the annual and seasonal precipitation in the
entire country of Pakistan and in the various identified precipitation regions.

2 Data and methodology
To examine the relationships between IOD mode and
precipitation in Pakistan, this study used two primary
datasets. The first was daily precipitation data from 32
weather stations located in Pakistan that were obtained
from the Pakistan Meteorological Department (PMD).
The stations of the network have a satisfactory distribution within Pakistan and well represent the precipitation
of the study areas. A noteworthy feature of this study is
that the analysis was based on the various precipitation
regions of Pakistan (Hussain and Lee 2009). The second
dataset included monthly precipitation from the Climatic
Research Unit (CRU TS 3.1) (Mitchell et al., 2004),
which was used to analyze the distribution of precipitation in Pakistan. Additionally, the atmospheric variables
of zonal winds, mean sea level pressure (SLP), air temperature, and geopotential height at 850 hPa in the
Indian Ocean and on the Indian subcontinent from the
NCEP/NCAR reanalysis data (Kalnay et al. 1996) were
used to identify the large-scale atmospheric factors
influencing the IOD over the research area. The spatial
resolutions (longitude by latitude) of these datasets were
0.5° by 0.5° for CRU precipitation and 2.5° by 2.5° for
NCEP/NCAR reanalysis data. The Dipole Mode Index
dataset, derived from the HadISST dataset, was taken
from the prediction center of the JAMSTECH-Japan
Agency for Marine-Science and Technology. The IOD
index is defined as the SST anomaly difference between
the regions of 50° E–70° E, 10° S–10° N and 90° E–
110° E, 10° S–equator (Saji et al. 1999). The IOD index
was available for the period of 1958 to 2010; therefore,
the datasets of precipitation were adopted to the period
of 1958–2010.
The relationships between the IOD and the precipitation of
Pakistan were studied using the Kendall’s tau correlation and
composite analysis. The composite analysis technique was
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preferred with the correlation method because composite
method makes no assumptions regarding the linearity of the
relationship between any two variables (Harou et al. 2006). To
explore any mechanism in the atmosphere associated with
variations of the IOD, composite analysis was applied to zonal
wind, geopotential height, surface temperature, and SLP, and
the differences of atmospheric variables for extreme years of
the IOD were calculated. The five highest (1961, 1972, 1982,
1994, 1997) and the five lowest (1958, 1964, 1992, 1996,
2005) years of the IOD were adopted for the composite analysis (Yuan et al. 2009). The statistical significance of the composite differences was quantified by conducting a t test for a
two-sample difference of means.
To check for departures of precipitation in Pakistan,
region-wide precipitation anomalies were calculated. For
IOD events, the sigma of the standard deviation criterion
was selected, and 12 positive and 11 negative IODs were
traced. The positive years were 1961, 1963, 1967, 1972,
1976, 1982, 1987, 1991, 1994, 1997, 2003, and 2010, and
the negative years were 1958, 1960, 1964, 1971, 1980,
1984, 1985, 1992, 1996, 1998, and 2005. The positive
and negative episodes of the IOD were examined separately for each precipitation region.
The correlation coefficients between the IOD and the
precipitation of Pakistan were calculated using the
Kendall’s tau-based slope estimator. The correlation coefficients were computed on an annual and a seasonal basis
for the precipitation regions of Pakistan. Kendall’s tau is a
non-parametric correlation coefficient that can be used
instead of Spearman’s coefficient when working with a
dataset with a large number of tied ranks (Field 2005).
This method is insensitive to outliers (Zhai et al. 2005).
The calculation procedure is performed by considering the
relationships among all possible matchings of data pairs
(Wilks, 2006). The following expression of the Kendall’s
tau-based slope estimator was used to compute the relation between the IOD and the precipitation of Pakistan:

τ¼

N c −N d
n ðn−1Þ=2

for reducing local climatic particularities or any oddness
of the dataset (Samba and Nagan 2012). The method was
applied by using the following equation:
X ij ¼

xij −xi 2
σi

ð2:2Þ

where xij is the seasonal or annual rainfall of station i in year j,
xi is the mean of the seasonal or annual rainfall for station i,
and σi is the standard deviation of the data series. Regression
coefficients were computed from the normalized datasets.

3 Distribution of precipitation and its characteristics
in Pakistan
The major part of the land in Pakistan has a dry climate, but
humid conditions prevail over a small part of the country in
the north. The timing and amount of precipitation and its distributional characteristics are controlled by the annual monsoon cycle and the western disturbances. The monsoon is the
obvious dynamic and major factor of precipitation in the
northeast and southern coastal regions of Pakistan, but the
monsoon system does not penetrate into the western and
northwestern areas. Figure 1 shows the annual precipitation
climatology of Pakistan. The spatial patterns of annual precipitation depict the enhanced moisture over the northern part of
Pakistan.
The annual moisture decreases gradually from north to
south. The ranges of the Himalayas, the Murree Hills, the
upper Indus Plain, and the southern-central plains have the
most copious annual precipitation. The southwestern and the

ð2:1Þ

where Nc is the number of concordances, Nd is the number of
discordances, and the numerator is divided by the number of
possible match-ups of data pairs (xi, yi) among the n observations. The significance of the findings was verified using the
classical t test with levels of 95 and 99 %.
For normalization of the data, the statistical method of
standardization was applied to the anomalies of the IOD
and the precipitation over Pakistan. Several researchers
have used the method of standardized data for studies of
precipitation (Osman and Shamseldin 2002; Samba and
Nagana 2012). The method of standardization is useful

Fig. 1 Annual spatial pattern of precipitation in Pakistan (1981–2010)
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south-central parts of the country are the regions having the
lowest precipitation. The seasonal pattern of precipitation in
Pakistan is affected mostly by the mechanisms of the monsoon and the western disturbances. Summer is the wettest
season in Pakistan, and 50 to 70 % of the precipitation is
associated with the summer monsoon. The north and northeastern parts of the country receive enhanced precipitation
during the summer. However, the southwestern areas of the
country are dry or have low precipitation. The spatial pattern
of autumn precipitation shows a few similarities to the summer pattern. The reason for this resemblance is probably the
precipitation that falls during September. In winter, the precipitation that falls at higher elevations is in the form of snowfall.
The northern highlands receive the highest amount of rainfall
during the winter; however, northern Punjab and the hilly
areas of northwestern Balochistan receive low precipitation
during the winter. Figure 2 depicts the seasonal spatial patterns
of precipitation in Pakistan.
This study attempted to identify the relationship between
the IOD and the precipitation in the various precipitation regions of Pakistan. The identified precipitation regions of
Pakistan are each categorized by a particular rainfall regime
(Hussain and Lee 2009). Regions 1 and 2 are characterized
mainly as regions having the lowest amount of rainfall.
Region 3 differs from region 1 because of the larger amount
of winter precipitation. Region 4 represents the northwestern
parts of Pakistan, and this region receives a large amount of
precipitation during late winter and early spring. Region 5,
having enhanced precipitation during early spring and summer, is the wettest part of the country. Region 6 consists of the
upper Indus Plain and has the main feature of heavy precipitation during the summer. Figure 3 shows the locations of
these six homogeneous rainfall regions.

4 Relationship between IOD and precipitation
of Pakistan
4.1 Interannual relationship between IOD
and precipitation of Pakistan
Similarities in the climatic mechanisms prompted an examination of the relationship between the IOD and the precipitation of Pakistan. The analysis of the precipitation data series in
the different precipitation regions of Pakistan showed periodic
variations with the IOD index over the Balochistan Plateau,
the coastal areas, the southern Sindh, and the central part of the
country during the period of 1958–2010. According to the
results, the time series of precipitation in Pakistan show that
the long-term annual variation of precipitation is not closely
connected to the IOD index. The long-term series of precipitation indicated two major spells, a wet spell from 1958 to

1979 and a dry spell from 1980 to 2010, while the IOD dataset
was smooth (Fig. 4).
Examining further the interannual relationship between the
IOD and the precipitation of Pakistan, time series were
established for all of the precipitation regions. Figure 5 shows
the long-term evolution of the IOD and the precipitation regions of Pakistan during the period of 1958–2010. In precipitation region 1, the time series of the IOD and the precipitation do not follow each other with any close relation. The
long-term dataset of precipitation showed a decreasing trend
during the period of 1958–1975, whereas the IOD index
showed variation throughout the dataset. Moreover, a short
dry spell was observed from 1999 to 2003. In the central parts
of Pakistan, the anomalies of precipitation and the IOD
showed variation; however, during the years of 1994, 1997,
and 2003, both phenomena occurred at the same time.
On a larger scale, in the southern and central regions of
Pakistan, the precipitation showed decreasing and increasing
spells from 1958 to 1975 and 1981 to 2010, respectively. In
region 3, despite the plots indicating a significantly wet spell
during the years of 1958–1960 of the dataset, the long-term
precipitation of the region showed a decreasing trend. The
anomalies of precipitation and the IOD showed a substantial
close link to each other in region 3. The long-term data series
of region 5 showed no close annual connection between the
IOD and higher-than-average precipitation or the precipitation
of the area. Therefore, the strong dipole mode year of 1994
corresponded with higher-than-average precipitation, and the
year of 2006 did not correspond with the precipitation of region 5. Region 6 showed no annual connection between precipitation and the IOD index. Hence, the dipole mode year of
1997 corresponded with higher-than-average precipitation in
region 6. In conclusion, the precipitation of regions 5 and 6
shows no long-term interannual connection with the IOD
index.

4.2 Seasonal relationship between the IOD
and the precipitation of Pakistan
The potential irregularities of the IOD and the precipitation of
Pakistan are investigated qualitatively in this section. To support the correlation analysis, the Kendall’s tau-based slope
estimator was calculated between the normalized IOD index
and the annual normalized precipitation of Pakistan. There
might be a slight irregularity in the slope of the IOD versus
the precipitation of Pakistan. According to the Kendall’s taubased technique, the annual relationship between the IOD
index and the precipitation of Pakistan as a whole showed a
correlation coefficient of 0.134, which is not statistically significant. After computing the seasonal distances, the estimator
indicated no relationship between the IOD index and the precipitation of Pakistan through all seasons. Table 1 displays the
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Fig. 2 Seasonal spatial patterns of precipitation in Pakistan for a spring, b summer, c autumn, and d winter (1981–2010)

scores of the Kendall’s tau-based correlation between the IOD
index and the precipitation of Pakistan.
The correlations between the IOD and the precipitation in
the different precipitation regions of Pakistan were checked in
detail. Figure 6 supports the results of the Kendall’s tau-based
correlation of annual precipitation. However, there are distinctive regional patterns. The results of region 1 showed irregularities in the annual datasets; however, during the summer,
the slope of IOD versus precipitation showed a significant
positive relation. Region 2 did not show any relationship to
the IOD mode through all the seasons. For region 3, the
datasets of the IOD index and regional precipitation showed
a significant positive correlation coefficient for both the annual and the summer periods. No link was found between mode
of the IOD and precipitation of region 4. Regions 5 and 6 had

large variations in their data series; thus, the slope of the data
did not show any relationship between the IOD and the precipitation of these regions.
On the basis of the data observation, assumptions can be
made about the physical mechanisms behind the traced association of the IOD and the precipitation of Pakistan. The IOD
index showed a positive correlation along the monsoonal
coastal and western regions of Pakistan and for the
Balochistan Plateau, which is in evident agreement with the
previous study by Ashok et al. (2001). In the southeastern
tropical Indian Ocean, during the positive phase of the IOD,
the cross-equatorial winds come with the intense moisture of
the summer monsoon circulation. These saturated winds coming from the southeast bring anomalous surplus moisture over
the monsoon trough area. In this climatology, due to the warm
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Fig. 3 Locations of the six
homogenous rainfall regions
(Hussain and Lee 2009)

sea surface of the East African coast, the flow of the conventional monsoon is weak over the western Arabian Sea. The
southeasterly wind has anomalous surplus precipitation over
the east Arabian Sea, turns in an anticyclone, and transports
additional moisture from the Arabian Sea to the coastal and
southwestern parts of Pakistan and the Balochistan Plateau.
According to the proposed mechanism, the supply of moisture
from the Arabian Sea is reduced during the negative phase of
the IOD because the southeasterly acquires reduced moisture
over the east Arabian Sea.

Fig. 4 Interannual examination
of the IOD and the annual
precipitation of Pakistan

The IOD index impacts mainly the mean position of the
monsoon trough over the Indian subcontinent that especially
covers the southwestern coastal parts of India, coastal western
Pakistan, eastern Afghanistan, and southern Iran. Regions 1
and 3 are mostly coastal areas, the western regions of Pakistan
and the Balochistan Plateau. These regions are located near
the Arabian Sea and, as a result, receive surplus precipitation
during the positive phase of the IOD. Beyond the lower Indus
Plain and within the country’s mainland, the coastal monsoons
are weakened and moisture is reduced.
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Fig. 5 Annual evolution of the IOD and the annual precipitation of the different precipitation regions of Pakistan

4.3 Relationship between the positive and negative phases
of the IOD and the precipitation of Pakistan
IOD events were selected using the sigma of the standard
deviation criterion. From the analysis of the time series of
Table 1 Significance of the
nonlinear method and the
Kendall’s tau-based correlation
for the IOD index and the
precipitation of Pakistan

Annual

the IOD, 12 positive (1961, 1963, 1967, 1972, 1976, 1982,
1987, 1991, 1994, 1997, 2003, 2010) and 11 negative (1958,
1960, 1964, 1971, 1980, 1984, 1985, 1992, 1996, 1998, 2005)
years were selected (Fig. 7). During the positive phases of the
IOD index, most of the years showed a positive relationship

Spring

Summer

Autumn

Winter

CC

P-v

CC

P-v

CC

P-v

CC

P-v

CC

P-v

Pakistan
Region 1
Region 2
Region 3
Region 4

0.134
0.115
0.071
0.199*
0.069

0.082
0.113
0.228
0.018
0.296

−0.002
0.045
0.004
0.097
0.088

0.385
0.317
0.482
0.154
0.243

0.047
0.158*
0.088
0.190*
−0.11

0.191
0.048
0.177
0.023
0.193

−0.058
0.001
0.069
−0.29
−0.133

0.394
0.497
0.233
0.382
0.146

−0.01
−0.08
−0.01
0.104
0.135

0.445
0.21
0.46
0.136
0.142

Region 5
Region 6

0.035
0.066

0.365
0.243

−0.041
−0.024

0.331
0.4

−0.062
0.027

0.257
0.388

−0.073
−0.044

0.219
0.323

−0.07
0.03

0.238
0.377

CC is correlation coefficient of all available paired precipitation and IOD. P-v is P value. Trends significant at 95
% level are marked by asterisk (*)
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Fig. 6 Scatter plots of the Dipole
Mode Index (DMI) and the annual precipitation in the different
precipitation regions of Pakistan
over the period of 1958–2010

with the precipitation of Pakistan, but the years of 1963, 1972,
1987, and 1991 showed a negative relationship.
As mentioned previously, the precipitation of Pakistan
showed a positive relationship during the majority of the
positive phases of the IOD. Among the positive events,
the years of 1994, 1997, 2003, and 2010 presented very
clear results: when the IOD index was high, the precipitation amount was also high, and when the IOD index was
comparatively low, the recorded precipitation amount was
also low. On the other hand, during the negative phases of
the IOD, the years of 1958, 1964, 1980, and 1992 showed
a negative relation with the precipitation of Pakistan. The
remaining negative events of the IOD showed a positive

relation with the precipitation. During the negative events,
the year of 1992 showed a significantly adverse relation
with precipitation. This year was a flood year in Pakistan;
thus, it can be understood as an exceptional year.
There was no clear linkage between the previous year
of the IOD and the precipitation. For example, the year of
1976 showed an association between the IOD and the
precipitation of Pakistan, but the year of 1975 showed
an opposite tendency. In the case of previous association,
the years of 1994 and 1997 showed co-occurring trends.
The previous years of 1993 and 1996 exhibited negative
anomalies in the same direction for the IOD and the precipitation over Pakistan.
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Fig. 7 Relationship between the annual precipitation of Pakistan and the IOD during the positive (a) and the negative (b) phases

Further details of the positive and the negative events are
given in Fig. 8, in which the events of the IOD clearly show
their relation with the regional precipitation of Pakistan. In
region 1, during positive events of the IOD, the years of
1963, 1972, and 1987 showed a negative relation; whereas
the negative events of the years of 1960, 1992, and 2005 also
showed a negative relation. In region 2, during the positive
phases of the IOD, all of the events after 1991 had a positive
relation with precipitation, whereas during the negative
phases, precipitation had a positive relation with the IOD index in all years except 1992, 1998, and 2005. Region 3
showed the most positive behavior with IOD events among
all the regions during both the positive and the negative
phases. In region 3, only the positive phase of 2003 and the
negative phases of 1958 and 1960 showed a negative relation.
In region 4, all of the IOD events showed a positive relationship during the positive phase. However, during the negative phase, the results showed variations. In region 5, during
the positive phase, the years of 1963 and 2003 showed a
negative relation with the IOD events; whereas among the
negative events, the years of 1964, 1992, and 1996 showed
an opposite relation. There was no specific following effect of
the IOD events in region 6 during either negative or positive
phases. The year of 1972, within a positive phase of the IOD,
showed a significant negative relation throughout all precipitation regions of Pakistan. Similarly, during a negative phase
of the IOD, the year of 1992 showed significant negative
behavior. The reason why the years of 1972 and 1992 had
the highest opposite directions in the dataset cannot be concluded from the results of the present research. The year of
1992 showed the most enhanced precipitation in the country.
Positive phases of the IOD are known to enhance the active
monsoon conditions in Pakistan. The positive IOD phases of
1961, 1967, 1994, and 1997, for example, were associated
with surplus rainfall. It is now well established that the year
of 1997 coincided with a very strong positive phase of the

IOD (Saji et al. 1999). The year of 1972 revealed an opposite
relationship with the IOD index and precipitation throughout
the whole country and all the regions. The association of positive anomalies of precipitation with the IOD index can be
seen along the monsoon trough zone in Pakistan and similarly
in India during the summer, in accordance with the mechanism proposed by Ashok et al. (2001). Thus, the surplus precipitation in Pakistan during the positive phases of the IOD is
understandable.
4.4 Composite analysis of the positive and the negative
years of the IOD
Some studies have investigated the relationship between IOD
and climate elements (Chakraborty et al. 2005; Yuan et al.
2009; Poursghar et al. 2012) and the effect of IOD on precipitation (Saji et al. 1999; Ashok et al. 2004). The differences of
surface temperature anomalies diverging westward from the
eastern pole of the Indian Ocean (positive geopotential height)
and, in this response, an anomalous southeasterly wind that
moves northward over the Indian subcontinent (negative
geopotential height) results in enhanced rainfall. To explain
the atmospheric response to the IOD, composite analysis was
employed for zonal wind, geopotential height, surface temperature, and sea level pressure.
It may be true that IOD events tend to be linked with enhanced precipitation years in Pakistan. However, it is important to be cautious here as teleconnections exist between IOD
events and the precipitation of Pakistan. Thus, in order to
separate these differences and establish the possible links between the positive and negative phases of the IOD and the
precipitation of Pakistan, the aforementioned climatic indices
are elaborated. The composite analysis of this study revealed
that the anomalies of geopotential height, surface temperature,
and sea level pressure are not statistically significant, whereas
zonal wind showed significant results. Thus, the atmospheric
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Fig. 8 Positive (a) and negative (b) years of the IOD and the annual precipitation in precipitation regions 1–6 of Pakistan

flow of zonal wind is discussed in detail. Figure 9a shows the
difference of the zonal wind between the 5 years of positive
and the 5 years of negative IOD. Positive anomalies of the
westerly winds are found from 10° N to 30° N with a significant westerly wind anomaly over the Bay of Bengal and
Southeast Asia. This means that the westerly winds are stronger over the Bay of Bengal and Southeast Asia during years of
positive IOD compared to years of negative IOD. On the other
hand, significant negative (easterly) anomalies are shown
from 10° S to 10° N. The intensified easterly wind over the
northern Indian Ocean can support the transport of warm and
humid air from the Indian Ocean to the Indian subcontinent.
Particularly, in the case of Pakistan, the easterly air flow transports moisture from the Arabian Sea. In fact, when the flow of

warm and humid air occurs from the Arabian Sea, active convection begins over the southwestern parts of India, western
Pakistan, eastern Afghanistan, and southern Iran.
The Indian subcontinent is located under the region of
northeasterly winds. The northeasterly winds flow over
land, and a high pressure area develops to the north of
the Himalayas. The cold winds from the high pressure
region move toward low pressure over the oceans. In contrast, this mechanism of wind direction is completely reversed during summer, when winds move from high pressure areas and moisture transports from the Arabian Sea
in the southeasterly direction, resulting in enhanced rainfall over southwestern India, western Pakistan, and southern Iran.
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Fig. 9 Composite analysis of a zonal wind, b geopotential height at 850 hPa, c surface temperature, and d sea level pressure based on NCEP reanalysis
data

Figure 9b presents the composite differences of
geopotential height for the selected positive and negative
years of the IOD. Lower geopotential height occurs over
northern India, throughout the Himalayas, and in southwestern China. Particularly, negative geopotential height
is noted over the central areas of Pakistan and northwestern India. Likewise, relatively higher geopotential height
can be observed over the Bay of Bengal, the northwestern
Pacific Ocean, and the southwestern Arabian Sea. The
aforementioned negative geopotential height anomalies
are linked to warm and moist southwesterly flow from
the Bay of Bengal and southeasterly flow from the
Arabian Sea. In this mechanism, warm air flow from the
Bay of Bengal and the Arabian Sea mix with the cold and
dry air of the land and active convection begins over the
Indian subcontinent and the Tibetan plateau, which also
leads to low anomalies of surface temperature (Fig. 9c).
The composite analysis revealed negative anomalies of
surface temperature over almost the entire Indian subcontinent, central Iran, and southwestern China. A smaller
zone in northern Pakistan revealed a very low range of
cooler temperature. The results also revealed that sea level

pressure is high around the Indian Peninsula, the Bay of
Bengal, and the eastern Indian Ocean (Fig. 9d). In contrast, negative anomalies of sea level pressure shift northward; in particular, a huge depression of low sea level
pressure was noted over the Tibetan region and southern
China during negative years of the IOD.

5 Conclusion
Recently, the Indian Ocean Dipole phenomenon has generated
considerable interest in analysis of the relationship between
IOD mode and global climate. In this study, possible relationships between the IOD and the precipitation of Pakistan were
analyzed for the period of 1958–2010. To find possible associations between IOD mode and precipitation of Pakistan, the
Kendall’s tau-based slope estimator was applied. Correlation
coefficients were computed on the annual and the seasonal
basis for each precipitation region of Pakistan and for the
whole country. Composite analysis was also employed to explore the impacts of the negative and positive IOD on the
precipitation of Pakistan.
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The IOD index and the precipitation of Pakistan showed no
specific interannual pattern for large areas of Pakistan, particularly the northern regions and south-central Pakistan.
However, anomalies of the precipitation and the IOD showed
substantial links to each other in the western part of Pakistan.
The analysis of the long-term anomalies did not show clearly
any link between the previous year of the IOD and the
precipitation.
The IOD phases had maximum impact over the coastal
areas, western Pakistan, and the Balochistan Plateau. The
positive phases of the dipole mode, in particular, were
observed during active monsoon conditions. This confirms that the areas far from the effect of the monsoon
trough are not strongly impacted by the IOD. The annual
precipitation of the coastal area and the western region
showed a significant positive correlation with the IOD
index, whereas the precipitation of the Balochistan
Plateau showed a positive relationship with the IOD index
during the summer.
The composite analysis revealed that positive anomalies of the zonal wind were observed over southern Iran,
southwestern Pakistan, and western India, while negative
anomalies were noted over northern Pakistan and eastern
Afghanistan. The southeasterly wind brought anomalous
surplus precipitation from the high pressure area over the
east Arabian Sea, turned in an anticyclone, and
transported additional moisture from the Arabian Sea to
the coastal and southwestern parts of Pakistan and the
Balochistan Plateau during positive phases.
The IOD index impacts mainly the mean position of the
monsoon trough over the Indian subcontinent, which especially covers the southwestern coastal parts of India, coastal western Pakistan, eastern Afghanistan, and southern Iran. Beyond
the lower Indus Plain and within the mainland of Pakistan, the
coastal monsoons are weakened and have reduced moisture.
This aspect shows the potential use of the IOD Index for
accurate prediction of the monsoon season for agriculture in
the study area.
In conclusion, it seems that the positive phase of the IOD
has an impact on precipitation during the summer monsoon.
However, it could not be determined that the IOD mode is
the leading cause of the precipitation in Pakistan during the
summer. The findings of this study can be summarized as
follows: (i) the IOD phases have maximum impact around
the intense monsoonal areas, (ii) coastal and western
Pakistan revealed a significant positive correlation between
the IOD index and precipitation, and (iii) the precipitation of
the Balochistan Plateau showed a positive relationship with
the IOD index during the summer. Nevertheless, the outcomes of this study have some limitations, and further study
will advance the goal of understanding the atmospheric circulation affecting the precipitation of Pakistan and its physical relationship with IOD mode.
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