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ABSTRACT: Large-scale climatic teleconnections have noticeable effects on meteorological events in different regions of
the world. In this study, the linkages between three major climatic indices, Arctic Oscillation (AO), North Atlantic Oscillation
(NAO) and Southern Oscillation Index (SOI), and precipitation in Iran were assessed from 1960 to 2014, at 30 synoptic
stations in a time-frequency space, using wavelet coherence (WCO). The results showed that the SOI is the most effective
climatic teleconnection on precipitation in Iran, although the other studied climatic indices have noticeable effects as well.
The predominant and effective period of AO on precipitation was equal to or greater than 32 months at most of the stations,
while the major effective period of NAO was equal to or greater than 64 months. For the SOI, most parts of the country were
affected by a period of less than 64 months, while the predominant period of SOI for the northwestern part of the country
was greater than 64 months. A uniform phase difference was not observed between the three studied climatic indices and
precipitation in the country; instead the phase differences were usually random. For long-term periods of SOI, an anti-phase
situation was detected at most of the stations. The study suggested that the WCO is a very powerful and flexible method for
studying the relationship between multiple time series in a time—frequency space, and its application in hydrological and
meteorological research is expected to increase in the near future.
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1. Introduction

Precipitation has a major influence on hydrological ele-
ments, water resources, agricultural productivity, urban
infrastructural activities and many other aspects of life
and the environment (Mavi and Tupper, 2004; Loucks
and van Beek, 2005; Wilhite, 2005; Karamouz et al.,
2013; Ahrens, 2016). It is well known that precipitation
is a complex phenomenon that is affected by different
microscale and macroscale atmospheric and geographic
factors (Curry and Webster, 1999; Li and Gao, 2012).
Topography, land use, distance to large water resources
and dominant atmospheric systems are some of the factors
that affect the amount and intensity of precipitation in a
region (McCuen, 1998; Rakhecha and Singh, 2009; Shel-
ton, 2009). Large-scale atmospheric activities, known as
climatic teleconnections, can have noticeable effects on the
climate of a wide range of locations on Earth (Curry and
Webster, 1999; Bosart and Bluestein, 2008). Thermal inter-
actions and humidity exchanges that occur between oceans
surfaces and the atmosphere constitute substantial fuel for

* Correspondence to: A. Araghi, Department of Water Engineering,
Faculty of Agriculture, Ferdowsi University of Mashhad, Khorasan
Razavi, Mashhad 9177948974, Iran. E-mail: araghi.a@stu.um.ac.ir;
alireza_araghi @yahoo.com

© 2016 Royal Meteorological Society

creating large-scale atmospheric phenomena (Saha, 2008;
Mak, 2011; Lutgens and Tarbuck, 2013). Furthermore,
it is well known that meteorological, hydrological and
even agricultural components are strongly influenced
by large-scale atmospheric and oceanic fluctuations (Gan
et al.,2007; Martinez et al., 2009; Karamouz et al., 2013).
Therefore, finding the association between meteorological
elements and the oscillatory pattern of climatic telecon-
nections can be very helpful in improving the accuracy
of hydro-meteorological predictions. In recent years,
researchers have tried to employ various methodologies
to find the relationship between precipitation parameters
and climatic teleconnections [e.g. Arctic Oscillation (AO),
North Atlantic Oscillation (NAO), El Nifo-Southern
Oscillation (ENSO), Pacific Decadal Oscillation (PDO),
Southern Oscillation Index (SOI), etc.] in different regions
of the world (Yarnal and Diaz, 1986; Shabbar et al., 1997,
Cayan et al., 1998; Coulibaly, 2006; Jiang et al., 2014).
Signal analysis and remote sensing analysis have been
used to reveal relationships between precipitation and
climatic teleconnections (Chang et al., 2014; Niu et al.,
2014; Di et al., 2015). In contrast to many atmospheric
variables (e.g. temperature, vapour pressure, relative
humidity, etc.), precipitation shows a very complex and
non-uniform fluctuation pattern over time (Von Storch and
Zwiers, 1999; Duhan and Pandey, 2013). Accordingly,
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the methods employed for precipitation analysis should
have adequate power to accurately extract and detect the
pericdic attributes of the precipitation time series. Wavelet
transtorm (W) 1s one of the most powerful and applicable
mathematical methods in signal processing and time series
analysis and it 15 now commonly used in meteorology
and hydrology studies (Labat, 2005; Labat eral, 2005;
Adamowskid er al, 2000, Adamowski and Chan, 2011;
Sang, 2013; Nourani ef al., 2014). WT is a useful method
to find the associations between two signals or ime series,
especially when these time series are non-stationary and
umform seasonality pattems do not exist in the ome
series (e.g. precipitation and streamflow) (Herndndez and
Weiss, 199; Adamowski and Prokoph, 2013 ; Adamowski
et al, 2013).

Previous studies have shown WT o be a rustworthy
method o identfy the relationship between hydro-
meteorolozical or environmental elements and climatic
teleconnections. For instance, wavelet-based analysis
was applied to the analysis of the association of seasonal
precipitaion and hydrologic varnability with climatic
teleconnections for regions of Alberta and southwestern
Canada (Gan et af., 2007; Mwale i af., 2000; lang ¢ al.,
20045, In another study WTs served o investgaie the
relationship between the variation in lake water levels and
the NAO index for seven lakes scattered across Turkey
(Kiigiik eral, 2004), The study showed that NAQ had a
significant influence on these lakes' water levels. Using
WTs Kuo eral. (2010) assessed the variability of seasonal
rainfall in Taiwan (1974-2006) and its linkage to large
scale climatic oscillations. Predominantly employing
WTs Rossi eral. (2011) analyzed time-scale vanability
of well-known climatic teleconnecnons ( 10-2004). In
another study in Turkey, temporal and spatial pattems in
precipitation variability, gleaned from 19612008 data
from 271 climatological stations, and its association with
climatic teleconnections were probed using continuous
WT techniques (Unal er af., 2012), The potential impacts
of ENSO, NAD and PDO on precipitation regimes wene
assgssed in the upper Medjerda basin, northern Tunisia,
using cross-wavelet analysis (Ouachanm e al,, 2013),
In another study, multple large-scale climatic indices
were used as predictors for streamflow forecasting in
west-central Florida (Risko and Maminez, 2014), Draw-
ing on data from 46 hydrological stations in Romania
(193520100, wavelet analysis was used to study the spa-
tial and emporal vatdability of winter streamflow and its
linkage with AQ, NAD along with some other large-scale
climate pattems (Lonita er al, 2014}, Chang e al. (2014)
studied the relationship between regional precipitation
regimes in Panama and Central Amenca, and NAQO and
ENSO using an integrated method based on wavelet
analysis and remote sensing fechnigques, The spatial and
temporal variability of drought and its association with
large-scale climate indices in an arid region of China was
studied using wavelet analysis {Wang er al, 2015},

Though smdies focusing on the detection of linkages
between hyd ro-meteorological elements and climatic tele-
connections via WTs have increased in recent years, there
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remains a need to broaden the scope of studies invest-
eating hydrology and climatic teleconnection interactions
within a time—frequency space toa wider range of regions
across the world. In the present paper, the previously unex-
plored associations berween three major large-scale cli-
matic teleconnectons (AQ, NAD and SO and monthly
precipitation at 30 synoptic stations in Iran (1960-2014)
were studied. The present investizgators were particularly
interested in analysing the influences of certain major but
spatially distant global teleconnections on precipitalion in
Iran. Accordingly, regional climatic indices {e.g. Indian
Ocean Dipole) were ignored,

A theoretical background of WTs and wavelet coherence
(WO is provided in Section 2, followed by a description
and discussion of the precipitation data and large-scale
climatic indices used in this research in Section 3. The
methodology employed in this smdy is explained in
Section 4, and finally the results and discussions are
presented in Section 5.

2, Theoretical background

2.1,

Wartous methods have been introduced for signal process-
ing and time senes analysis. Most of these methods are
mathematical wansforms that convert vectors or funcions
from one space to anotheér. The major benefit provided by
mathematical ransformations is feature extraction, which
aids in simplifying the detection of signals and time series
features (Kreyszig, 20115, Some of the transformations
[e.g. Fourier tanstorms (FTs)] are only appropriate for
the analysis of stationary time series exhibiting a uniform
oscillation patem over time (Oppenheim e al, 1999),
These transformations are not robust enough for the anal-
ysis of non-stationary time senes, since they cannot iden-
tity all frequencies within the time series (Percival and
Walden, 2000)). WT is a powerful and accurate mathe-
matical ransformation, widely used for signal processing
(Hemidndez and Weiss, 1996; Nievergelt, 2001; Olkkonen,
2011 and time series analysis ( Percival and Walde n, 2000);
Sang, 2013). The theory behind WT is relatively similar
to that of FTs, but offers much greater flexibility (Fugal,
2009, allowing a highly accurate capture of all frequencies
(e.g. stationary monstationary, short termflong term, etc.)
present in a given time seres (Percival and Walden, 2000),
The WT of a time seres x(f), is defined as (Grossmann
and Morlet, 1984; Liu, 1'%4; Partal and Kiiciik, 2006;
Adamowski er al., 2008):

Wavelet transform

_r_

s
Wisti=— xin gt
$.7 \F[m vl ( F
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where Wis. t)is a WT with a scale of 5 and a ime shift of
r. While w represents the wavelet function, w* denotes the
complex conjugate. If r=0and s =1 then (1) represents
the basic or ‘mother’ wavelet (Mallat, 2008). Vanations
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Table 1. General identification and some of the basic statistics of annual precipitation {1960~ 2014} in the selected synoptic stations,

Mo, Station mame Longitude  Latitude  Elevation Climate Mean Standard Minimum  Maximumm
{*E} ("N} (m}) {mm) deviation (mm}) (1mm) {mm}
1 Abadan 48.25 3037 .6 Arid 1503 603 36.8 079
2 Ahwaz 4867 3133 225 Arid 220.8 835 729 4o
3 Arak 40.77 341 1708 Semi-arid  330.1 6.6 128.1 G660
4 Babolsar 52.65 3672 —21 Humid ROT3 1712 4862 13256
5 Bam 58.35 201 106649 Arid 583 274 146 131.2
i Bandar Abbus 56,37 2722 98 Arid 168 .6 1114 1 4947
7 Birjand 502 3287 14491 Arid 1622 0.2 (LS 2927
B Bushehr 50,83 2898 196 Arid 2389 111 19.4 671.3
9 Esfahan 51.67 3262 1550.4 Arid 1222 489 402 250
1 Ghazvin 50.05 3625 12792 Semi-arid 3148 BG.3 155.6 515.7
11 Gorgan 5427 3685 133 Sub-humid  574.5 1173 314.6 B473
12 Humedsn 48.72 352 1679.7 Semi-arid 3135 92.1 126 517.7
13 Kerman 5697 3025 1753 Arid 1384 46.4 412 2636
14 Kermanshah 47.15 3435 13186 Semi-arid 4369 124.6 1473 T84.5
15  Khorramabad 48,28 3343 11478 Semi-arid 4895 1213 2371 T
16 Khoy 44497 3855 1103 Semi-urid 2897 O 148.1 526.1
17 Mashhad 59.63 3627 9092 Semi-arid 2488 7.5 1214 4271
18 Ramsar S0.67 369 =20 Homid 12158 IRO.8 7554 19342
19 Rashe 496 3725 —6.9 Humid = 1329.7 2553 #31.3 1967.6
) Sabzevar 5772 362 9776 Arid 1473 6.3 58 3114
21 Smnundaj 47 3533 13734 Semi-arid 4306 1185 2003 T79.5
22 Shahrekord 50.85 3228 2489 Semi-arid 3268 913 1409 5275
23 Shahroud 54.95 3642 13453 Arid 155.1 554 632 3433
24 Shiraz 526 2053 1484 Semi-arid ~ 313.6 o7 963 6219
25  Tabriz 46,28 3808 1361 Arid 2816 #1 148 575
26 Tehran 51.32 35.68 11908 Semi-arid 2319 727 1003 3994
27 Torbat Heydarieh 5022 3527 1450.8 Semi-arid 2595 #2 #2.1 4165
2% Yaud 5428 319 12372 Arid 5590 2549 93 115.4
20 Zahedan I 1047 1370 Arid B9 39.1 183 173.1
30 Zanjan 4848 3668 1663 Semi-arid  305.1 719 1425 4811

in & provide the WT its flexibility, and therefore 1ts abil-
ity to caprure all short or long frequency events in a time
series, At each time shift, 7. and each scale, s, the sim-
ilarity of 4 and w is calculated on the basis of inner
product theory, in 4 manner roughly equivalent o a FT
(Equanons | and 2. Like other correlation methods, larger
values of Wis. r) indicate a stronger relationship between
) and e for specific values of 5 and © (Adamowski and
Sun, 2010} In general, any time series can be decom-
posed to its fundamental high and low frequencies via
WT. When s> 1, w corresponds o a high frequency
iMallar, 2008).

Generally, there are two types of WT. continuous WT
(CWT) and discrete WT (DWT). The CWT generates
longer series of W(s, T) since the scale factor i1s not limited,
while in DWT the scale factor 1s usually dyadic (Olkko-
nen, 2011; Araghi er al., 2015). The dyadic scale means
that the scales 1n a DWT are based on powers of 2, in the
form of 2, where j corresponds o the frequency range. In
other words, in the CWT the value of & follows an arith-
metic progression, whereas in the DWT it follows a geo-
metric progression. Thus, although DWT shows adequate
precision for ime-frequency analysis and has a faster cal-
culation process, some scales will be ignored. Previous
studies have shown that the DWT produces more accu-
rate resulis for the analysis of siationary time series with
uniform fluctuations over time, such as air temperature,
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compared to non-stationary series without seasonality pat-
terns (Nalley er al., 2013; Araghi et al., 2015),

Generally, the phase indicates the specific point in a
waveform cycle, usually measured as an angle in degrees.
Using phase enables one to explore the relative displace-
ment between or among two signals, which is normally
called the phase difference, Leading (lagging) phase refers
to a signal that occurs ahead (behind) of unother sg-
nal. When two signals have no phase differences, they
are called in-phase, and when they have a difference
equal to 180°, they are called anti-phase. When infor-
mation about phase interactions between two time series
is required, continuous complex wavelet functions are a
betier chotce (Mallat, 2008). The wavelet function ()
is generally a funetion with a zero mean that is local-
ized in time and frequency. Until now, various wavelet
functions have been presented; some of these functions
have real outputs and others have complex outputs (Lan
and Weng, 1995). The Modet wavelet is one of the most
popular complex wavelet functions that is widely used
in geophysical and hydro-climatological studies, and it is
defined in Equation (3) (Grinsted er af., 2004; Maraun and
Kurths, 2004),

@ “;:l = ﬂ'_l"l-lf‘m""ﬂf"_e!'” |:3:I
where ¢, is the Morlet wavelet function, oy and &

are dimensionless frequency and time, respectively. The

Ire S Climaral {2016}
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Figure |, The location of the selected synoptic sttions { Gl led block circles ) in lran used for this study,

wavelet location in time can be specified by &% 1 (Gaus-
sian envelope). When ey s high (low), the resolution of
scale will increase (decrease) and the resolution of tme
will decrease (increase). The time and scale resolutions can
be adjusted by ey, It should be noted that the resolution in
time and scale belongs to the size of the window function,
and the lower (higher) resolution will be a better choice
when the flucmations in the time seres mostly occur in
the long (short) term. The Morlet wavelet 15 well local-
ized in scale, and aceordingly, a high resolution in fre-
quency is achieved using this wavelet function (Mallat,
20083, In addition, the complex WT obtained from apply-
ing the Mordet wavelet (Equation (3)) to the time series
allows for the separation of the phase and the amplitude
in any me series (Tomence and Compo, 1998; Grinsted
et af., 2004), As previously discussed, the wavelet func-
tion moves across the length of o time series from begin-
ning to end. Hence, the edge parts in the beginning and
end sections of 4 time series have noticeable effects on
the wavelet coefficients, which are usually called the edge
effects. The area in which the edge discontinuity affects the
wavelet power (i.e. squared absolute-value of the wavelet
coefficients. |WI*, based on the Equation (1)) is called the
cone of influence (COL), which drops to ¢~ of the val-
ues at the edge of the ime series (Torrence and Compo,

2006 Roval Meteorological Society

19485, Therefore, interpreting the wavelet power based on
the significant regions inside or mostly across the COI area
is not a reasonable approach. The COI is specified by a
shadow oveday and with dotted lines in all of the figures
in this paper.

2.2, Wavelet coherence

In a tme series analysis, the autocorrelation function
(ACE) represents the major lags of time at which the
time series 15 correlated with itself (Box er afl., 2008). The
wavelet power spectrum (WPS) can be defined similarly
to the ACE but in tme-—frequency (or time-scale) space
( Tomrence and Compo, [998; Maraun and Kurths, 2004).
The WPS shows the power specirum of the time series x(r)
ata certain time, 1, and for a specific scale, s. The WPS
is defined as follows (Gnnsted et af., 2004 ; Maraun and
Kurths, 2004 ):

WPS, ()= (W, (s} W, (5)") (4)

where the { ... } indicate the expectation values, and
W, (#)" is the complex conjugate of W, (s). As can be seen
in Equation (4), both of the WTs helong to the time series
xir), hence the notation of x is ignored in all of the items in
this equation. However, in many cases, for example in cli-
matological or hydrmlogical analysis, one is interested in

Ine 1 Climatol {216)
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(a)

(g)

Figure 2. Average precipitution {mm)dunng 1960-2014 in lmn from Jomey (o Augost (a—hi,

finding the correlation between two signals or ime series
ina time-frequency space. The WPS turns into the wavelet
cross spectrum (WCS) when the correlation between two
fme senes is interested to achieve, The equation of WCS
i5 similar to the WPS, but it is written for o(1) and (1) WTs
(Torrence and Compo, 199%; Grinsted ef al., 2004).

WCS, (9 = <W;’ (s) W, (3)° > (3)
where W* (s) and W] (1)" are the WT and the complex

conjugate of the WT for the time series x(1,) and v(1)),
respectively. The complex conjugate of the WT is needed

2006 Boyal Meteorological Society

for the second time series, similar to the WPS (Torrence
and Compo, 1998). In contrast o the WPS, values of the
WCS are complex, and hence, can be decomposed into
amplitnde and phase as follows (Torrence and Webster.
L999; Grinsted ef af., 2004; Cozelles er al., 2008):

WCS, (5) = [WCS, (s)] 447 (6)

3 ((WJ' (s) W, i:r}l’>)
R {< W) W () >}

Ireo S Climaral {2016}
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(i)

(b

(e

(e)

Figure 5 Average precipitustion {mm ) during 1960- 2014 in un from September to December {a—d), und the seasons e -h),

where |WCS, (s)]| and ¢yls) denote the amplitude and
the phase, respectively, Also, S(...) and R(...) repre-
sent the imaginary and real parts of a complex number,
respectively. Larger |WCS, (1) | means better correlation
between two lime series. while the ¢b,(s) can be useful
to delay detection of two time series (Liv, 1994; Tor-
rence and Webster, 1999, Previous studies have shown
that the WCS 1s not always reliable because it 15 not
normalized, and it can reveal high WCS values when
there 1s no actual time~frequency correlation berween two

2006 Roval Meteorological Society

time series (Maraun and Kurths, 20064, The WCO 15 a
tme-nommalized and scale-resolved method to specify the
cormelation between two ime series (Liu, 1994; Torence
and Wehster, 1999; Gnansted e af., 2004; Cazelles et al.,
20087

|5 (st wes, m)r
WCO, () =

" = @
S5~ |w;} m|’ Syt | W]

Int J Climatol (216)



ASSOCIATION BETWEEN THREE PROMINENT CLIMATK TELECONNECTHINS AND PRECIPITATION IN IRAN

ket 2H0
Year

1980

1570

Figue 4. Stndardized amomalies for the monthly precipitstion {mim)
time series in the sttions of Kerman (o), Khorromaboed (B Mashhad
() and Ramsar id) for the period of 1960 w 2004

where W (s) and Wi (&) are WTs of two time series, x(1)
and w(r), respectively. for the scale of s, The § letter in
Equation (8) is the smoothing operator defined as follows
(Grinsted e al., 2004):

(W) = Ha:.d-_- Eﬂnm.- |: WJ_ [UH (9

where 8, and S, denote smoothing along the wavelet
scale and time, respectively. Based on previous studies,
a suitable smoothing operator for the Modet wavelet can
be seen in BEquations (L) and (11} i(Torrence and Compo,
1998 Torrence and Webster, 1999; Grinsted er al., 2004;

Brittain ef af., 2007,

Siime (W), = (WI (%) {I_T) ‘

Seue W], = (W, (5) . exI1(0.6 9)) |
. )|,

(1)

A

(11

where the ¢ and ¢, are inserted in the above equations
for the normalization process and are calculated numer-
ically, and Il denotes the rectangle (box-car) function.
It should be noted that the values of ¢ and ¢, have w

2006 Boyal Meteorological Society

1570

Figure 5. Standardized anomalies for the AC (o), NAD (b and 501 (¢)
in the period of 19602014

be calculated for each nomalization process, which is
explained in detail in the previous studies (Torrence and
Webster, 1999, It is clear that Equation (8) resembles the
coefficient of determination equation, and therefore, the
WCO has values ranging from 0 to | (Liu, 199%4), For a
better interpretation, one can compare the WPS, WCS and
WCO to variance, covariance and coefficient of determi-
nation, respectively (Liu, 1994), The equations used for
these correlation indices are analogies of one another, and
are discussed and compared in more detail in Table 1 of
Liu (1994). For analysis in a time space, variance, covan-
ance and coefficient of determination can be the appropn-
ate choices, while for analysis in o ime—frequency space,
the WPS, WCS and WCO are more appropriate, When the
WO is equal to L, it can be mterpreted as o perfect lin-
ear correlation between the two studied time sedes at the
specific tme (1) and scale (s), and when WCO is equal
to zero, no correlation exists berween xir ) and vir ), at the
time 1; and scale s. The WCO is a more robust and trusty
factor compared to the WCS (Maraun and Kurths, 2004;
Gan eral . 2007).

It should be noted that like many statistical meth-
ods, there is an uncenainty in the resufts obtained from
the WCO method. The detected significant regions in
the WCO plot are obtainad with a 5% significance level,
as the confidence level for most of the previous studies
using WCO plots was taken to be 95%. Accordingly, one
can conclude that the detected regions are correct at the
495% level, and this means that the obtained results could
be incorrect, because of a 3% uncertainty level.

Ireo S Climaral {2016}
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Figure 6. WPS for the monthly precipitation time series in the stations of Kerman (1), Khorramahad (b, Moshhad (¢) and Bamsar (d) for the penod
of 19602114 { The regions with black thick euline present the 95% confidence level of local power, and the CO0 s specified with doted white line
wd o tramsparent bluck fll).

The statstical significance of the wavelet power can be
evaluated relative to the null hypothesis that the time series
is stationary with o given backpround power spectrum
(#;). Generally, most of geophysical time seres have
red noise charactenstics that can be modelled well by a
lag-1 autoregressive (ARL) process. It should be noted
that red noise has zero mean. constant variance, and is
sedally correlated in time, while white noise has zero
mean, constant vartance, but 1s uncorrelated in time. The
power spectrum of an AR process can be calculated by:

= | —a? -
fo= II —ua—lmx{? (12)

2006 Roval Meteorological Society

where o is lag-1 auocorrelation, and £ is the Fourier
frequency index. The theoretical distrbution of the WCO
of two tme series with P: and P;. background power
spectrums is given as ( Tomence and Compo, 1998):

Z, (m

L= —
v

W () w [”;-
R K Tl | pfp; (133

o,y

where £, (p) 15 the confidence level related to the proba-
bility of p which can be obtained from a pdf defined by
the square root of the product of two = distribution. For
v=1 (real wavelets), Z, = 2.182, while for v= 2 (complex
wavelets), Z, = 3990, Hence, the 5% significance level
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Figue 7, WEPS for the AC (0), NAD (b) and SO0 (¢) time series for the period of 1960- 2004 { The regions with black thick owtline present the 95%
confidence level of local power. wnd the COLis specified with dotted white line and o transparent black 1),

marked in the WCO plots 1s caleulated using 2, = 3,994,
The area of the 3% significance level can be interpreted
by eye, and accordingly, the WCO is a visual interpreted
method. The wider and larger areg means a more conlin-
uous relationship between two me seres in i specific
frequency and time that these can be obtained from the
WCO plot.

3. Data
31,

3 Precipitation dat

Iran is located between 44°E and 63°25'E longitude and
25°N and 38°39'N latitude in south west Asia and coy-
ers an area of approximately 1.65 % 10° km® (Araghi et al.,
2016), Based on the Kdppen method, Tran has a semi-and
to arid climate, with the exception of the south coast-
lines of the Caspian Sea (Dinpashoh eral., 200 1), There
are more than 2000 synoplic stations across the country,
but the length of data records at most of the stations is
not sufficient, and they are therefore not approprate for
hydro-climatological studies (Maidment, 1993; Shelton,
2004, For this research, precipitation data was collected
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from M) synoptic stations that are spatially dispersed in
the counmry. These selected stations have the best quality
data with the longest records (1.e. 50 years and more) of
the 200 synoptic stations in Iran. Monthly precipitation
data was obtained from the Iran Meteorological Orgzaniza-
tion (IRIMOY) for the perod of 1960-2014, The obtained
data passed statistical quality tests such as the homogene-
ity and mndomness test in the [RIMO data control unit.
It should be noted that the central pars of the country
(called the Central Desert and the Lut Desert) have a
hyper arid climate with scant annual precipitation, These
regions of the country have limited human inhabitance, and
consequently there are only a few hydro-meteorological
stations with insufficient data records in this region. The
location and identification of the selected stations for this
research are shown in Figore | and Table 1. Generally,
precipition in most regions of Tran vsually occurs dur-
ing mid-fall W mid-spring, but the southeastern par of the
country is influenced by monsoon meteorological systems
and precipitation in this region occasionally occurs in the
summer. The north and west parts of the country receive
more annual precipitation when compared to the east and
south regions, and the minimum precipitation occurs in
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Table 2. Dominant periods {except | 2months and shorter) and their nccurrence vears for precipitation during 1960-2014 in the
studied stations.

Station name Dominant periods {months)

Years of occurrence

Abadan 2460 (1972 1976) ( 1994 1999 [ 1985~ 199))

Ahwaz 24: 60 (1999 — 1900 ) (1987 = 1995)

Arak 36-40 (1968 -19T6)

Babolsar 30-32 (1981 —1984) ( 1997-2001) (2005 -2011)

Bam 20-22 (2004 <2010y

Bandar Abhas - -

Birjand 14— 16;20-34 {1990 2002 ), (2004-2011)

Bushehr 24: M-32 {1993 -2000); {1970-1973)

Esfahan 16; 32=40 (I9TR=1980) ( 1993~ 1995) (20062009 (1901 < 1997 (2005 -2011)
Ghazvin 16; 18=32; 342 {2008 <2012y (1994 -2000); (1963 -1973)

Gorgan - -

Hamedan 24: 32-50 {1984 1987 ); (1966-1975)

Kerman 32128 (19931905 (1976-2001)

Kermanshah 24-32 (1964 -1973)

Khorramabad 6d; 128 (1977 1000 ); (1994 —2000)

Ehaoy 20-28: (19841990

Mashhid 18-36: 50-60: 62-80 (19731980 (1967 =1974): (1985-2002)

Ramsar Z8=-3 (1990 - 2008 )

Rasht 1§=-22 (1973-1976)

Sabzevar 30-48;62-T8 (19601975 (1U8T-2003)

Sananda) 28-35: T0-9; 110-230 (1968 <1972 ); (19691973} (1978-2001)

Shahrekord 32-48 (2003-2011)

Shahroud 12-32: 28 -34: 32-40: 40-64 (1991 2002 ): (2008201 1) (1967 -1974); (1986-1995)
Shiraz 16=20;32-34; 36-48 (1993~ 1908 ): (1993 -1997); (1965 1975)

Tabriz 16: 32 -36; 64-80) {1981 = 1984 ) (1965 1967T): (1987 - 1993)

Tehran 12-32:32-48 {1994 -2000); (1967 -1972)

Torbat Hevdarieh 12-24:24-32: 64-80 (1993 <2002 ) (19721974}, (1991 =2004)

Yaed 14=20; 16-32; 3264 (19982001 ); (1974 1980); (1968 - 1974)

Zahedan 12-16716=32; 128 (1900 2004 ) (1994 — 199 T) ( 200420009 ): (1987 - 19%9)

Zanjan 3z

(1068 = 1971 ) ( 19932001}

the central parts of Iran. Unfortunately, most of the syn-
optic stations in Iran do not have precipitation data with
lengths greater than five decades. It should be nowed that
the local topography in the country has noticeable effects
on precipitation amounts in the country, especially in the
north and westparts of Iran. Two major mountain chains in
the country, the Alborz and Zagros mountains, are located
in the north and west parts of the country, respectively
isee Figure 1). The Alborz mountains prevent the flow of
humidity from the Caspian Sea to the central parts of the
country, and therefore, coastal regions in the northem parts
of Iran are categorized as having humid climates. Sim-
ilarly, the westiern parts of the country have a relatively
higher amount of precipitation, as the Zagros mountains
prevent the flow of humidity to the centmal pans of lran.
Accordingly, the western Zagros has higher precipitation
compared to the central and eastern parts of Iran. These
issues with precipitation amounts in different regions of
lran are based on their regional climates | as the north,
north western and westem parts of the country have a
more humid climate with higher amounts of precipitation
compared to the other regions of Iran, and this is unrelated
to large-scale climatic indices (see Figures 2 and 3).

3.2, Large-scale climatic indices

For this research, three climatic indices, namely the
AD, NAD and 501, were selected. The monthly time
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series for these indices were collected from the Ch-
mate Prediction Center and National Climatic Data
Center, National Oceanic and Atmospherc Administra-
ton  (hitp:/fwww.epe.ncep. noad.gov,  https:/www.nede.
noaa. gov) for the period of 1960-2014,

The AO is a larpe-scale pattern of climate variability
also referred 1o as the Northem Hemisphere annular mode.
The AO 15 chameterized by winds circulating around the
Awnc at a latitude of around 55°N. When the AO is
in its posiive phase, stong winds circulate around the
MNorth Pole and enclose colder air across the Polar Regions:
These winds are weaker and less concentrated in the neg-
ative phase of the AO where the penetration of arctic
air-masses in a southedy direction is easier. causing an
increase in mid-latitude storms. The AQ index is achieved
by projecting the AO loading patiern o the anomaly of
1000-mb level or its equivalent, sea-level pressure (SLP)
field over 20°-9H"N latitude, and the loading pattern of
the AD is defined as the leading mode of empirical orthog-
onal function analysis of the monthly mean SLP during
the 1979-2000 period. The AQ index was first identified
by Edward Lorenz and later named by David Thompson
and John Michael Wallace { Thompson and Wallace, 1995;
Higgins er al, 2000); Shelton, 2000},

The NAO 15 another well-known climatic teleconnec-
tion pattern in the Northem Hemisphere. The NAD rep-
resents the relative siength of the sea-level atmospheric
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pressure difference between the Akureyri, leelandic low
pressure centre located at 66°N, 18°W and the Ponta
Delgada, Azores high pressure centre located at 38°N,
26°W. When both of these pressure centres are strong
(weak), then the positive (negative) phase of the NAOD
occurs (Rogers, 1984; Jones eral., 1997; Barry and Chor-
ley, 2004, 1t should be noted that a strong pressure cenire
means a strong high (or low) pressure field, and accord-
ingly, the positive (negative) phase of NAD occurs when
the pressure gradient between these pressure centres is
strong (weak). In the positive phase of the NAD, the west-
erlies (i.e. the winds which usually blow from the west in
the mid-latitudes) are stronger. and accordingly, moist air
is carried over Enmpe from the Atlantic Ocean. When the
westerlies are strong, summers are cool, and winters are
mild with frequent minfull. Conversely, when the wester-
lies ure weal, remperatures ure higher in the summer and
lower in the winter, leading to heat waves and deep freezes
in addition to reduced precipitation (Hurrell and Van Loon,
1997, Jones e al., 1997, Kiletik er al, 2008; Aguado and
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Burt, 2013). The NAD index was first idennfied by Wal-
lace and Gurzler in the winter season (Wallace and Gurzler,
1951 ). The NAO has been widely used as a large-scale
climate predictor for various hydro-climatological studies
(Rogers. 1984; Hurrell and Van Loon, 1997, Yan ef af.,
2004 ; Masser et al., 2007 Massei eraf., 200100, 1t should
be noted that although the AD and NAO have a close
relationship and are in-phase most of the tme, previ-
ous stdies have revealed that the NAO may be more
robust and relevant for climate varabilities in the Noith-
ern Hemisphere, compared to the AQ (Greatbatch, 2000);
Ambaum er al., 20017,

The 501 is a standardized climatic teleconnection index
based on the mean sea level pressure differences between
Tahiti at 18°S, 150°W, and Darwin, Australia, at 12°5,
I30°E. The SOI in the most commonly wsed indica-
tor tor the ENSO. This atmosphenc-oceanic circulation,
first was identified by Sir Gilbert Walker in 1922 (Shel-
ton, 2009, In general, the SOI time series corresponds
well with the variations of ocean temperatures across the

Ire S Climaral {2016}



AL ARAGHL et el

(a)
4
2 s
g 16
:é’ 32
B 64
&
128
256
1960 1970 1450
[:H

Period {months)

—
L]
s

Period (months)

1970

15

(.8

0.8

.6

0.4

0 010

Flgure 4. WO amd phase difference between precipitation in Khoramabaed and the three studied chmane indices (e, AD (o), NAD (h) and 501
{1 The 5% significonce levels are specified with thick bl k contous. Armowsshow the relidive phise relationship betw een time secies (o ght wmow:
in-phose, left arow: anti-phose).

eastern topical Pacific (Bhalme and Jadhav, 1984), In
the positive (negative) phase of the SOL, the strong east-
erly rade winds (low -level equatorial westedies) flow over
the central western Pacific Ocean. In the positive phase,
which is called La MNifia, waters in the central and east-
ern tropical Pacific Ocean become cooler than nomal
and the amount of precipitation over eastem and northern
Australia generally increases. Contrariwise, in the nega-
tive phase, which is called El Nifo, warmer waters are
seen in the central and eastern tropical Pacific Ocean,
and precipitation is less during winter and spring over the
large parts of eastern Australin ( Bhalme and Jadhav, 1984;
Velasco and Mendoza, 2008; Barry and Chorley, 2008,
Shelton, 2009).

The AQ, NAD and SOI indices have been chosen for this
rescarch, because these three teleconnections are the most
important and effective large-scale climatic patterns in the
north and south hemispheres (Barry and Chorley, 20049;
Shelton, 2004). Although, previous studies have shown
that SOI has considerable effects on the chmate of the
north hemisphere as well (Bhalme and Jadhav, 1984; Liu
et al., 2005).
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4. Methodology

In this research, the WCO was emploved as the main
method for studying the association berween the precip-
itation in Iran and the three major climatic teleconnections
(the A, NAO and SOT). To achieve more detailed results,
the time step for the data was not changed and the monthly
time step was used. The following sieps were taken for
this study:

(1) The anomalies were calculated for the precipitation
data employed in this smdy, based on the normal period,
from 1961 o 1990, This normal period was recomme nded
by the World Meteomlogical Organization for climatic
studies (Von Storch and Zwiers, 1999; Wilks, 2011). These
anomalies were standardized based on the Equation (14).
(Montgomery and Runger. 201 1), Tt should be noted that
the times serdes for this study's indices were already stan-
dardized.

I —u

Z (14)

(3

where g and o are the sample average and sample standard
deviation of the time series x(f), and the Z, is the standard-
ized x, . Previous experiences with the WCO have shown
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that using the main time series, instead of anomalies, and
non-standardized series produces unreliable results, espe-
cially in geophysical and hydro-climatological data sets
(Grinsted er al., 2004; Maraun and Kurths, 2004; Jevrejeva
et al 2005).

(23 The WPS was generated using Equation (4) for each
time series, o determing the major predominant periods
and their cccumrence duration, based on the normalized
time series obtained from applying Equation (14),

{3) The WCO was produced using Equation (8) for
the precipitation data from each smtion and the selected
climatic teleconnections. Using the WCO plot may reveal
the relationship and the phase difference between each
climatic teleconnection and precipitation at each station.

(4 It 1s always possible to find more than cne predom-
inant period via the WCO plots, for any two lime series.
In this research, the most effective predominant perod
was detectied based on the duration. For example, if there
are two significant regions in the WCO plot for the peni-
ods of 16 and 128 months, for which the duration of the
first region is from 1970 w 1983 (1e. 15 years), and the
duration of the second region is from 1982 to 2006 (i.e

2006 Boyal Meteorological Society

24 years); then the 128-month period would be detected
as the most effective and predominant period for this case,
since it has the longer duration. This step was performed
for each station separately and a spatial distribution report
wis produced on a base map of Iran for the results. Also,
for the different climatic teleconnections (AQ, NAD and
SO, each one with the longest significance region in the
WCO plots is distinguished as the most important ¢limatic
index for precipitation in a particular station.

(3) For an overall conclusion for the whole country, the
duration of each period (e.g. 4, 4-8. 8, 8-16, 16, 16-32,
32, 32-64, 64, 64128, 128, 128-256) was summanzed
based on the duration values obtained for any station from
the WCO plot based on the regions with 3% significance
level. Finally, the percentage of each period was estimated
tor any of the studied teleconnections, and based on these
calenlated perceniages, the most effective period for any
teleconnection on the precipitation in Iran was detected.
This was calculated as follows:

o

2y,

=1

d. =

]

(15)

Ire S Climaral {2016}



AL ARAGHL et el

]
-

Peticd {months )

1960 1970

.
1

ot

Period (months)

128

-
"
ot

Pericd { maonths

1960 1976

Y

ar

200 il i}

i}

120

er

Figure 11, WOO und phase difference between precipitition in Ramsar und the three studied climatic indices (e, AC{a), NAC (b} and SOL {2 ).
The 5% significance levels are specified with thick black contours: Arrows show the relative phase relutionship hetween time series (right amow:
in-phuse, left urmow: unti-phose).

(16

noom
Duml = szp_,

=1 j=1

d".

Gp, = —m

(17)
tistal

where { and j are indicators for periods and stations,
respectively. d, denotes the duration of the region with
a 5% significance level. for the p; period. According 1o
the crteda of this study. s (i.e. the number of stations)
and n (ie. the number of studied periods) had valoes
equal to 30 (based on the explanations in Section 3.1)
and 12 (based on the explanation in item 5 of Section 4),
respectively. This last result was the country as a whole,
in order to create an overall idea for fure studies on the
interactions of teleconnectons and precipitation in Iran, in
a time~frequency space,

5. Results and discussions

The standardized anomalies of the monthly precipitation
and the three selected climatic teleconnections hme series

2006 Roval Meteorological Society

were calculated. For instance, the standardized anomalies
for the monthly precipitation time series at the stations of
Kemman, Khorramabad, Mashhad and Bamsar are shown
in Figure 4. These stations are far from each other and
have different climates. The standardized ancmalies for
the three climatic teleconnections are shown in Figure 5.
To detect the dominant frequencies (or perods) in precip-
itation for each of the stations, the WPS was calculated
for them all. For example, the WPS for the stations of
Kemuan, Khorromabad, Mashhad and Ramsar 1s shown in
Figure 6. Also, the WPS is shown in Figure 7 for the AQ,
NAO and SOL

Analyses of the WPS of monthly precipitation time
series at all stations indicated that the 12-month or shorter
predominant penodicity occasionally occurred in almost
all of the stations during the studied period, which ver-
ified the natural variability of precipitation. In addition,
other predominant periods, except 12 months or shorter,
were observed in the precipitation WPS of the stations,
but these frequencies were nol dominant in the whole
study period ( 1960-2014). These penodicities are shown
in Table 2. Overnll, some aspects can be interpreted from
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Table 3, Results of WCO for the precipitation at the stations and the AQ,

Station name Druration Period and phase difference {both in months)

Abadan (1902 = 1965); (2007<2010): (19741981 ) (B~ 16, in-phase); (32, anti-phase): (64-128.3)

Alvwaz (1902= 1964): ( 1990 <20 10) (8= 16, in-phase): (3264, anti-phase)

Arak (19T T 1082): (2007 <2001 ) (1988 -1995) {16, in-phase); {16-32_3):(64, 7.5)

Babolsar (2008=2012): (1963= 1968 ). (1997 =20107): {4=8 105} (B=16, in-phase): (32-64, 3 (64, 3):
(1965 19T72): (1984 -1993) (64, 7.5)

Bam [ 1980= 1995) (128-256_4.5)

Bandar Abhas {197 8= 1995) {128-256, 3)

Birjand (1980~ 1995) (128-256, 3)

Bushehr (1962~ 1966} {8~ 16, in-phase)

Esfahin (1962-1967) (B=16, 3)

Gz vin (1962 1973); ( 1998 2005) (1632, anti-phase i; (64, anti-phase }

Gorgan (199E=2010); ( 1965= 1972): (1985 =2005) {32, 3 (64, 4.5): (64, 9)

Hamedan { 193 8- 1992): { 19942004 (64, anti-phase): (64— 128, 4.5)

Kerman (1977 1980) {16, 1.5)

Kermanshah (1965 1970); (2001-2010) (32, anti-phase); {32- 64, anti- phase)

Ehorramabad (197 6= 1980); { 1983-2010) (16, 1.5); (32-64, 7.5)

Khoy (196319700 { 1967 <1973 ): (1986-1992) {32, anti-phase); (64, 31 (64, 7.5)

Mashhad (1965-1972) {64, 3)

Ramsar (2002-2008) {16=32, in-phase)

Rasht (1972-1993); ( 1980~ 1995) {128, 3): ( 128-256. in-phase)

Sahzevar (197 5= 1983 (1965 1973 ) (1988 -1993) {16, 3 (64, 3k (64, anti-phase)

Sanandaj (1965 1972y { 1985~ 1995) (64, 45k (64.9)

Shahrekord (1975 1980); ( 1985~ 1995) (16, 1.5} (64, anti-phasa)

Shahroud (200B=2011): { 1985= 1995): (19721981 ); {32, 3): (64, anti-phase); (64— 128, in-phase);
[ 1982 19949) (128-256, 1.5)

Shiraz { 1966- 1980) {32-64.3)

Tabriz {2005-2011); ( 1965= 1970 (2002 - 2007 ); {16, 7.5): (32, anti-phase); (32, L5} (64, )
[ 1984-2000):

Tehran {2005-2010); ( 1983~ 1994) {32, 3) (64, 75)

Torbat Hevdarieh
{ 1983 1990)

Yazd (1964 19700 ( 1968 1978 b (1990 1996):
(2002 2006): ( 1972 -2000)

Zahedan (1992 1995); { 1980~ 1998

Zimjam (1978~ 1980): { 19465~ 1970); (2007 -2010)

(1992 1998): (20082010 (1966-1972):

(32,4.5) (32-64. 3) (64, 3); (64, anti-phase )

(B=16, 15) (3264, 15) (32-64. 45) (64,3 )
{64128, 3)

{8=16,75) (64, 3)

{B. 3 (32, anti-phase); (32, 3)

Table 2: first, detecting the predominant periodicities and
years of occurrence is not an easy procedure by visual
inference alone; second. it 1s clear that long-term pernodic-
ities have fonger durations in the time seres; third, it can
be seen that stations with arid and semi-arid climates (e.g.
Esfahan, Kemman, Mashhad, Sabzevar, etc.) usually have
more long-term periodicities, compared to the stations
with humid or semi-humid climates (e.g. Bandar Abbas,
Grorgan, Rashe, ete.), but this 15 not an absolute mle for all
stations. The WPS of the AQ, NAO and SOOI are shown in
Figure 7. As can be in this figure, the AQ has longer term
predominant penodicities compared o the NAO, while the
maximum dominant perod of the NAQ 15 16 1o 32 months
of fluctuation, which occurred from around 2008 o 2012,
The WPS of the AQ revealed that the 32- to 64-month peri-
ods occurred from 1965 to 1972, and 2009 to 20110, Like-
wise, the 64- to [28-month periods were observed only
from 1977 1o 1992, and a longer term period with a 128-10
256-month Auctiation was sharp only during 1980- 990,
for the AQ tme series, The WPS of the third climatic tele-
connection, the SO, was relatively different from the other
climatic indices studied. It seemed that the SOI had a more
continuous fluctuation patiern compared o the AQ and
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NAO. As can be seen in Figure 7, there was a continuous
region with a 32- to 64-month period during 1967 - 1995,
while there were some dispersed regions with a 32-month
pericd that occurred during 1980- 1983, 19962000, and
2008 -2010. In addition, a long-term frequency witha 128-
to 256-month period was seen from 1976 1o 200k,

To find the association between precipitation in Iran
and the selected large-scale climatic indices, the WCO
wits calculated for every studied stnon. For instance,
the WCO plots for Kerman, Khorramabad, Mashhad, and
Ramsar stations are shown in Figures 6 -4, For the Kerman
statien, 1t seemed that there was no noticeable relationship
between precipitation and the AQ, since most of the
regions with a 3% sigmficance level were very small and
scattered. Similarly, the relationship between the NAO
and precipitation at the Kerman station was not very
perceptible, since there was only a significant 64-month
period area from 1992 o 1998, in which the precipitation
and the WAO were in an anti-phase mode. The maximum
number of regions with a 3% significance level were
observed in the WCO of precipitation and the 501 at the
Kerman station (see Figure 8), as these regions have mors
continnity compared to the that of significant areas in the
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Table 4. Results of WCO for the precipitation at the stations and the NAC,

Station name Duration Period and phase difference (both in months)

Abadan (198 -1991) (B 16, anti-phase )

Ahwaz - -

Arak (1991 2003 ) (1980-2000) {32-64.7.5):( 128-256:.3)

Babolsar (2007 <2012 (1981 < 1988): (1990 -1996); (B, in-phase (64, 9): (64, 9): (64128, 7.5)
(1904 -2005 )

Bam (IORG <1901 ) (2007 <2009): (1997 -2005) (B= 16, anti-phase ); (8- 16, 9); (64128 3

Bandar Abbas (1005 - 1997 ), (19042001 ) {#= 6, anti-phase ); (64, anti-phase)

Birjand (1O8E - 19490 {16, 7.5)

Bushehr (1962 -1964): (19761981 ): {1989 1994) {816, in-phase): { 8- 16, 10.5): { 8- 16, anti-phase)

Esfahan {1974-1981) {32-64,.3)

Ghazvin (1962~ 19609) {32, anti-phase)

Gorgan (2004 =2009) {32, 1.5)

Huamedan (19651968 ); (1988 -2005) {32, anti-phase); (64128, 4.5)

Kerman (19921998 {64, anti-phase)

Kermanshah (19651975 ) (1991 -2000) (3264, anti-phase); (32-064. %)

Khorramabad (19022000 ) (1982 -2000) {64, 9); (128256, 3)

Khoy (1063 = 1069 (1980 -2000) {3264, anti-phise); (128-256, 3)

Mashhid (1967 <1970 (2003 =2010): (1972-1941); (8=16,3):(32, 3): (64128, in-phase):
(198G - 1990) {128-256. 3)

Ramsar (19791080, (1990 =199T): (1966 -1972) {4-8, in-phase); (64, 10.5); (128-256, in-phase)

Rasht (IORS <1990 (20092011 ) (1970 =1990); {4-8, in-phase); (16-32, in-phase); {64128, 1.5);
11O = 19 ) {124, in-phase)

Sabzevar (1965 <1970 (1971 <1977 ): (1987 = 1990); {8=16,3): (16, 1,5 (16=32, T.5); (64, 9)
(1994 — 19949

Samcand aj (1993 <1097 (1963 = 1974 ) (19584 = 1990): (48 9% (32, 0): (128, 4.5) (128-256, 45)
(19802000

Shahrekord (19751980 (1985-1907) {16=32. in-phase); (128-256.1.5)

Shahroud (1977 =1998) {128, 1.5)

Shiraz (1965 -1967); {1972 -1976); (1967 -1973) {B=16,3):(8=16. 7.5 (32.9)

Tabriz (IO6R<1972): (19891991 ): (1965197 1) (8= 16, 4.5) (16, 7.5); (32-64, anti-phase ).
(19952000} [1980-1998) (64, 10.5): (128, 3)

Tehran (19T72=1975); (2005=2010); (1971 =1987) {4-8, L5k (32, 3 (64124, 45)

Torbat Hevdarieh {1967 <1970 (2003 -2010) (#=16.31(32 3)

Yazd (1993 <1997 ) (1985 - 19M0): (1972-1995) {8=16, anti-phase); {1632, anti-phase); (128, 3)

Zahedan (I9E2 1091 ) (2000-2003); (1995 =2000): { 8= 16, anti-phase); (8- 16, anti-phase);
{1984 = 1999) {32-64,4.5); (128-256: 4.5)

Zangan CIOTT <1980 (20062011 (1964 -1972): (8. 4.5); (16=32, 1.5); {32-64, 7.5);{128.3)

(1974 -1988)

WCO of the AD and the NAG. The phase difference in any
of the mentioned WCO plots did not have a uniform status.
For the station of Khomamabad, it was observed that the
AD was more effective, compared to the station of Kerman
(see Figure 9). In the WCO plot for Khorramabad and the
AQ, there was a 3% significant region with a [6-month
period from 1976 to 1980, and a larger significant region
from 1983 to 2010 with a 32- o 64-month period. For
the NAQ index, relatively large significant areas in the
WCO were observed. For the SOL the WCO plot for the
Khorramabad station showed that significant areas were
larger compared to the WCO plots for the AQ and NAO.
Thus, it can be interpreted that the SO0 was the most
effective climatic teleconnection for this station, as well as
the station of Kerman. For the station of Mashhad, similar
to the other two stations, it can be interpreted that the 501
was the most effective climatic teleconnection index on
precipitation (see Figure (). Most of the areas with a
3% significance level were scattered and relatively small
in the WCO plots for the AQ and NAO in the Mashhad
station, while in the WCO plot for the SOL, the sigmificant

2006 Roval Meteorological Society

aregs were approximately continuous with a uniform
phase difference in which the precipitution and the SOI1
were anti-phase most of the time. In a similar stats, for
the staton of Ramsar, the SOI and the NAO were the
most effective large-scale climatic indices, respectively.
The largest significant region for the NAO was observed
in the 128- to 256-month period section in the WCO.
with an in-phase stams (see Figure 11). For the SOIL, the
5% significant areas were larper, compared to the WCO
for the AO and NAO, and significant regions with a 64-
to 128-month period were observed for the SOI and the
precipitation at the Ramsar station.

The most predominant periods, phase difference and
occurrence duration for the regions with a 3% significance
level (in the WCO plots) were detected and are listed
tfor all of the sudied stations in Tables 3 -5, From these
tables, it can be interpreted that the SOI was the most
effective climatic teleconnection for the precipitation at
most of the stations, since the longest durations for the
5% significance level regions were detected in the WCOs
for the SO1 and precipitation. As obtained in India, the

Ine 1 Climatol {216)



ASSOCIATION BETWEEN THREE PROMINENT CLIMATIC TELECONNECTIONS AND PRECIPITATION IN IRAN

Tuble 5. Results of WCO for the precipitation at the stations and the SO1.

Station name Dhuration Period and phase difference ( both in months)

Abadan C1990= 20000 ( 1965= 19RO ): (19801990 (32, 9) (3264, 3): (32 =064, 4.5): (32-64, T.5):
(2006-2010); (19922001 ) {128.7.5)

Abhwaz (1980 1983); ( 1963 1982 ); (1904 - 1900 ); (4, 1.5):(16-32,3): (32, 7.5) (64, L5}
(1968=1975): (1988 1907 ): (1992 -2000) {64, anti-phase); (128 anti-phase

Arak (197 5= 1980): (1970=1975); (2008 -2011); {16, 4.5); (16=32, 3); (32, anti-phase); (3264, 3);
(1965=1976); (1978 -2002) { 128 =256, anti-phase )

Babolsar (198 1= 1085} (1962= 1968 ) (19731981 ): { 16, 10.5) (16-32, anti-phase); {16-32, 1.5):
(1995-2012) { 16=32, anti-phase)

Bam (2000=2000); { 1963~ 1966); (1983~ 1985); {(8=1a, 9); (1632, 7.5); (64, anti-phase); (64~ 128,
(1970 1978); 3)

Bandar Abbas (2000=2005); (1990~ 1998 ): (1974 1979); (8= 16, 9 (16, anti-phase): { 16-32, 1.5) (32, 7.5)
{ 1995-2001)

Birjand (2000=2005): (2008=2012): (1963 <1966 (8=16, 9 (16, 9); (16=32, 7.5); (16=32, 3):
(1970-1974): ( 19832008 3 (2007 =2010) {64, anti-phase): { 32— 64, anti-phase )

Bushehr {1965~ 1985); ( 1992-2006) {32-64.3):(64,4.5)

Esfahan (1992— 199T): { 1965- 1980); (20052011 ); { 16, anti-phase); (32, 33 (32, anti-phase);
{1994 2003); ( 1990 -2000) (64, anti-phase): (128, anti-phase)

Cihazvin (2007=2012); (19972002 ): (1963 -1975); {B=16.75) (16=32,75) (32-64, 45). (32,9}
{1990 1995); (2008 -2010) (32, mnti-phase)

Gorgian (1075 10T8): ( 1964- 1966): (1993 -2010): {16=32, 3): (32, anti-phase); {16-=32, anti-phase};
(1984 19492) 164, 9)

Hamedan (1962 1964): { 1999- 2002 ) (1990-2000); (B=16, 3) (B=16, 99 (16-32, T.5): (3264, 3}
(1964=1975): ( 1985-2000) (128, 7.5)

Kerman {1980= 1982): { 1986— 1989); (19T0-1973); {4=8_4.5); (R ant-phase); (8=16, 3); (=16, Y);
(2000=2003); ( 1972< [980): (1981 <1983 ); { 16, 4.5) (16, anti-phase; (32, in-phase); (64, 4.5)
(1972 1974): ( 194972007 ) (19952002} (128,75

Kermanshah (1900< 19063 (1970= 1974 ) (1968 1973 ): {16, 7.5k {1632, 3); (64, in-phase):
{198 E=2000) {128, anti-phase)

Ehorramabad (T9OR=2002): ( 1962= 1973): (1995 -2000); (B=16, 9 (16=32_3) (1632 T5) (128,
{1975-2002) anti-phase )

Khoy (2008=2012); { 1995= 1997 ): (2004 =2010); {16, T5) (32, 3): (32, 7.5): (64, 7.5);
{ 19932006y ( 1976-2004 ) { 128 <256, anti-phase)

Mashhad {1980= 1983): ( 19982008 ): (1982 ~1985): (&, in-phase); (8= 16, 9% (16, 9):( 16-32,
(1962= 1965): (1970- 1976 ) (1970-2011 ) anti-phase ), (1632, 3k (32-64. anti- phase); (128,
{ 198 R-2000) anti-phase )

Ramsar (1974=1983): ( 1986-2007); (1976-2004) {64, anti-phasel; (64, anti-phase); (128, 4.5)

Ruasht (2002=2011); { 1992-2004 ) {1632 anti-phase); (128, 4.5)

Sabzevar (200820123 (1971 1975): (1979~ 1983 ); (B=16,T5) (16=32,3): (32, 1.5); (32,9): (32-64,
(1990=2001): { 1968= 1976): (19882001 ) 3z (64, aniti- phase )

Sananadaj (1996 2004): (1997=2000): (19651975} {8=16, 758 (16=32, 75 (16=32, 3): (32,
(2005=20100: ( 1995=2002): (1975=2002) anti-phase );

{3264, anti-phase ) (128-256, 7.5)

Shahrekord (197 5= 1980); ( 1990< 1995 ); (1967 <1971); (16, anti-phase): { 16, anti-phase); (32, 4.5); (32, 9);
{19 5=2000): (2004=2011 )z (1990 -2000) {3264, anti-phase): (64, anti- phase)

Shahroud (197 1= 1973 1992002 ): (1963 -19T78): (B, 4.5y (8=16, 9:{16=32, 4.5): (16-32,9);
(100 = 20020 (2007=2011 ) (19901998 ) {32, anti-phase); {64, anti-phase)

Shiraz (1965 1976); ( 1996-2000); (2008 -2010) (32-64.4.5) (32, 9) (32, anti-phase)

Tabriz 199 = 20020 (1995=2001 ) (2010=2012); {4=H. in-phase): (8 =16, 9 (16, anti-phase):
(2005=2010); (1972 1976): (1978 -2000) {32, mi-phase): (32-64,4.5); (128-256,

anti- phase )
Tehran (198R— 1992 (200B=2011): (1964 =19T78): {4-8.4.5);(B-16,9):(16-32,4.5): (32, 9

Torbat Hevdarieh
Yazd
Zahedan

Zanjan

{1990=20008; (20052011 ) (1990 -1999);

(1992-2001)

{1983~ 1985} (2000-2003): (2006-2000);

(1970~ 1983): (1995-2011); (1992 -1998)

C1980- 1983): { 19972008 1 (1964 -1973);

{198 0= 1999)

(1965 1967): ( 19891991 j: (20002004 ):

(2003-2005); (1970~ 1993 ): (1978 -2000)
(19982001 ); (2008-2011 ) (19762000}

{32, anti-phase); (64, anti-phase); ( 128, anti-phase )

{48, in-phase); (8-16, 9% (B-16, T.5):( 1632,
Ap (1632, anti-phase); (64, anti-phase)
4= 8. in-phase); (8=16,9); (32-64. 31 164, 4.5)

(4-8, 3): (4-8, in-phase); (8 16.9):
(16-32, anti-phase); (64, 3): (128, 9)
(16-32, 7.5) (16-32, anti-phase); (128-256,7.5)
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Figure 12, Predominunt periods obtsined from the WO plot of the AD and precipitation,

S01 has a positive and highly significant relationship with
the Indian monsoon in different seasons for the period
18711978 (Mooley eral., 1985), A study in Nepal
showed that the influences of the SOl are very significant
for Nepal's monsoon, since when the SOLis in a negative
(positive) phase, rinfall s lower (higher) than the nomal
values (Shrestha, 2(00). As seen in previous studies in
Turkey, the SOI phases play major roles in the Turkish
and the eastem Mediterranean regions’ precipitation, even
when the SOL is in the extreme phase (Cagatay Karabick
and Kahya, 2003, 2009), It seems that the SOI plays a
major mle in the precipitation amount and occurrence
in this region, and the previous studies agree with the
main results of this research. Tables 3-5 are applicable
tor detailed information about effective perodicities and
phase differences that were detected between the AQ. NAQ
and SOI and the precipitation at the individual stations.
For an overall interpretation, the most effective period at
each station and each of the climatic teleconnections was
found based on the tme duration of that periodicity. For
example, inthe station of Rasht, the WCO plot for the NAO
detected four regions with a 3% significance level (see
Table 4), while the region with a 64- to 128-month period
had the longest duration compared to the other significant
regions, and therefore this pedod (i.e. 64 -128 months)
was selected as the most dominant and effective period
between the NAO and precipitation at the Rasht station.
This procedure was performed for all of the stations and
every studied climatic index. The final results are shown in
Figures 10~ 12, Forthe AQ index, it was observed thatonly

2006 Roval Meteorological Society

six sitions (Bushehr, Esfahan, Kemman, Ramsar, Rasht
and Zanjan ) had predominant periods equal 1o or less than
32 months, and the other stations had longer term peri-
ods, especially equal to or greater than 32 months (see
Figure 12). For the NAO index, the predominant periods
for most of the studied stations were equal o or greater
than 64 months, although at around 27% of the stations, the
predominant period was 32 months or less (see Figure 13),
The most noticeable spatial pattern was observed for the
SQI since the longer term periods belonged to the west-
em and northwestern stations, with periods of more than
64 months (see Figure 14). For the SO1, the predominant
periods of less than 64 months were observed in all parts
of the country, except for the northwestem regions. In
Figure 15, the average percentages of each period for all of
the studied climatic indices in Iran are presented. As can be
that for the AO and SOI, the distnbution was near 1o nor-
mal. while for the NAO the longer term periods were more
effective (see Figure 13). For the AQ, the 64-month period
was the most effective and predominant period, while for
the NAQ, the 128- 1o 256-month period was dominant. For
the SOL distribution was relatively normal and the mid-
dle classes were the most dominant periods. For the phase
difference, a uniform distribution was not observed as it
had a random patem most of the tme, although in some
cases (e.g. long-term perieds in the S0O1), the anti-phase
was detected at most of the stations, As can be seen in
the resuls of this research, the 501 has swronger effects
on precipitation in Iran, similar to the results obtained in
neighbouring countnes such as India, Nepal and Turkey
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Figure 13 Predominant penods obtsined from the WO plat of the NAC and precipiietion,

iMooley eral., 1985; Shrestha, 2000; Cagamy Karabirk
and Kahya, 2003, 2004). It seems that the climatic indices
which are derived from sea surface temperature, such as
the SOI, have more noticeable influences on the precipita-
tion in this region compared to the climatic indices which
are based on pressure systems, such as NAO, and this
result is in agreement with previous studies in neighbour-
ing regions (Cagatay Karabiirk and Kahya, 2003, 2000,
These six stations are not located in a specific region
of the country, but they are spread more in the north and
west parts of Imn. Accordingly. it can be concluded that
the perods rise when the longitude increases from west
to east Por instance, the longest periods are observed in
the eastern stations, such as Bigand, Bam, etc., while the
shortest periods are observed more in the westem parts
of the country (see Figure 12). It 1s clear that a denser
network of meteorological stations would improve the
results of this study, but unfortunately the lack of weather
stations, especially in the central and southeastem parts of
the country, affects the resulis, Ascanbe seenin Figure |3,
the longest pedods are observed more in the west and
north west parts of the country, while the shortest periods
are observed in the south west regions, for instance. in
the stations of Abadan, Bushehr and Shiraz. In addition,
shorter periods are observed in the north east part of Tran,
for example, in the stations of Sabzevar, Torbat Heydarieh
and Birjand, while the station of Mashhad shows the
longest period (i.e. 128 0 256 months). This could be an
interesting topic for further smdies w explore why this

2006 Boyal Meteorological Society

occurred. One possible hypothesis is the effects of heat
islands on the precipitation amount and intensity, but this
issue needs more demiled smdies. Overmll, it seems that
the pattern observed for effective penods of the NAO in
Iran is more regular compared 1o the patterns ohserved
for the AQ in Figure 12, As can be seen in Figure 14, the
longest pedods are observed in the northwestern part of
the country, at stations such as Khoy, Tabnz, Zanjan, etc.
while the shortest perods are detected in the southeastern
and northeastern parts of Iran. 1t seems that precipitation
and the SO are correlated with shorter periods in the
central and eastern regions of the country, and it is inter-
esting that most of these regions have an and or semi-arid
climate, compared © the north and northwestern parts
of Iran. which have semi-and to humid climates. It can
be concluded that precipitation amounts in the central
and eastemn regions of Iran are affected within shorter
durations by the SOI variations. The precipitation in these
regions (1. central and eastern parts) occurs mostly in the
winter, and it is expected that the 807 variations influence
the amount of precipitation in the central and eastern parts
of the country in the winter more so than in other seasons.

The obtained results had relatively good conformity
with the major periodicities of the sudied large-scale
circulations. For instance, bused on previous smdies,
the NAQ has major peak centres at 2.1, 8 and 24 years
(Cook eral., 1998; Anctil and Coulibaly, 2004), and the
results of this smdy showed that these peaks are the main
effective predominant periodicities for precipitation in
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Figure 15 The average distribution of predominan effective periods of the AC, NAD and 501 on the precipitation in Iran.

Iran (see Figure 13 and Table 4). Furthermore, the S0OI
and ENSO exhibit 2- to 7-year periodicities (Ropelewski
and Halpert, 1986), and periods equal o or greater than
2years were dominant for precipitation and SO at most
of the stations (see Figure |4 and Table 5). It seemed
that only the obtained resulis from the WCO for the AQ
and precipitation did not have high conformance with
the major cycle of the AQ, which is estimated o be
berween L0 and 40 years (Ambaum ef al., 2001; ESSEA,
20009, As can be seen in Figure |2 and Table 3, the most
dominant penod for the NAO and precipitation at most of
the stations was around 64 months, which 15 not similar
to the main cycles of the AO. [t seems that better and
more: precise results for the AQ could be obtained in
this study if the length of precipitation time seres were

2006 Roval Meteorological Society

longer. Comparing Figures 10-12 with Figures -3, it
can be seen that there is no noticeable similarity between
the topography pattem (ie. the shape and spatial disin-
bution of topography or variations in elevation) in Iran
and the resulis for the predominant periodic relationship
between precipitation and the three climatic indices, It
seems that although the major mountains (i.e. Alborz and
Zagros) have noticeable effects on precipitation in Iran,
for the assessment of large-scaled climatic indices on
precipitation, the topography does not affect the results,
The results of this study showed that the WCO 15 a very
eood and robust method for detecting the relationship
between multiple time seres in a time —frequency space.
However, in order to obtain more detailed resulis about the
interactions between teleconnections and meteomlogical
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events, more hydro-climatological studies using the WCO
Are NeCessary.

6. Conclusions

Inn this paper, the relationship between three major climatic
teleconnections, the AQ, NAO and SOI, and precipitation
was studied at 30 synoptic stations in [ran from 19640 o
2014, in a tme—frequency space, using WCO, The resulis
of this smudy showed that the SOI is the most effective
large scale climatic index for precipitation in Iran, as it has
the maximum regions with a 5% significance level in the
WCO plots. For the AQ index. 64 months was the most
predominant and effective period on the precipitation in
Iran, while for the NAG, a 128- to 236-month period was
the most predominant. The resulis of this research revealed
that studying the relationship between mukiple meteoro-
logical or hydrological time series in a time ~frequency
space can be more beneficial compared to traditional cor-
relation methods, and the WCO method is one of the best
choices to achieve the comelations in a time-frequency
space. The number of hydro-climatological studies in
which WCO are vsed 1s somewhat scarce, and there 1s a
need for more smdies employing this method o obtain
more detailed facts about the intemctions between large
scale and local hydrological and meteorological events.
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