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Abstract Water vapor transported by atmospheric circu-
lation is an important aspect of the hydrologic cycle
and plays a vital role in determining rainfall distribu-
tion. Much effort has been devoted to investigation of
anomalies and cycles of precipitable water over Iran
using air pressure and specific humidity data (1981-
2010) from the National Center for Environmental
Prediction and the National Center for Atmospheric
Research. The results of the present study indicate that
the coastal areas experienced positive anomalies owing
to their proximity to large bodies of water, while up-
land areas and the northwest and northeast of the coun-
try experienced negative anomalies because of their
distance from water resources and altitude. The results
of cycle analysis revealed that short cycles (i.e., 2- to
5-year cycles) occurred in most of the country. The
shortest cycles occurred in the southeast region.
Scientists are in agreement that the 2- and 5-year cy-
cles are related to the El Nifio southern oscillation and
quasi-biennial oscillation in the general circulation of
the atmosphere.
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Introduction

Atmospheric water vapor is a principal contributor to the
greenhouse effect and plays a key role in understanding the
earth’s climate (Ernest et al. 2008; Hadjimitsis et al. 2011),
long-term changes in water vapor, the annual cycle of atmo-
spheric moisture, and related processes (Gaffen et al. 1992).
Precipitable water is an important factor affecting precipita-
tion. Its behavior is studied by climatologists for short- and
long-term climate change. Some scientists have deployed nu-
merical models of weather and climate to investigate the var-
iability of precipitable water (Surcel et al. 2010; Vasic et al.
2007). Improvements in radar and remote sensing satellites
(Nesbitt and Zipser 2003; Biasutti et al. 2011) and the avail-
ability of reanalyzed data (Kalnay et al. 1996) have made
access to reanalyzed data on a global scale for the study of
precipitable water more feasible.

Investigating the decadal changes in precipitable water is
essential for understanding local and regional climate change.
Identifying these decadal changes can aid detection of varia-
tions of this element and can be used for environmental plan-
ning based on precipitation. Precipitable water is a climatic
element that shows tempo-spatial variation. Solar heating near
the surface and in the adjacent atmosphere generates strong
diurnal oscillations in the surface and atmospheric tempera-
ture which affects pressure patterns and determines wind
fields. These changes lead to anomalies at given points and
for all points at the same latitude. These oscillations, in turn,
can cause oscillations in the precipitable water in the
atmosphere.

Carl et al. (2007) examined affirmation feedback, and the
relationship between changes in temperature and changes in
precipitable water using station databases, climate model data,
and reanalyzed data sets. They found that these variables were
highly correlated, particularly over tropical oceans. Tingley
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(2012) maintains that surface anomalies are caused by sto-
chastic climate events, but some occur in regular patterns;
for instance, mid-latitude positive anomalies could occur in
response to anomalies in oceanic currents or from El Nifio
southern oscillation (ENSO) (Tingley 2012). Accordingly,
the increase in temperature at the end of the last century could
lead to changes in the hydrological cycle (Azizi and Roshani
2008).

Spatial and temporal variations in climate elements are ev-
ident in Iran because of the complexity of its topography
(Asakereh 2007; Ghaiur and Masudian 1996). Asakerch
(2007) categorized these variations into oscillation and fluctu-
ation forms. Tempo-spatial variation could also have occurred
in precipitable water over Iran. Understanding these cycles is
of paramount importance, particularly in areas with complex
topography, for development of climate prediction models and
accurate reproduction of the cycles (Yang and Slinger 2001;
Lee et al. 2007).

Harmonic analysis is one method for analysis of the tem-
poral behavior of climatic patterns (Rouault et al. 2012).
Harmonic analysis explains time-series fluctuations in terms
of sinusoidal behavior at different frequencies and considers
the different frequencies and wavelengths in a time-series
(Asakereh and Razmi 2012). Experts in the field (e.g., Chen
et al. 1996; Collier and Bowman 2004; Knievel et al. 2004)
have studied the cycles in relation to large- and small-scale
circulation using harmonic analysis. This method has been
employed primarily to investigate regional, local, seasonal,
and annual precipitation scales (Wallace 1975; Twardosz
2007) and marine (Carbone and Tuttle 2008) and continental
studies (Kemns et al. 2010).

Sen-Roy and Balling (2005) used harmonic analysis and
concluded that the daily precipitation cycles in Puerto Rico
were related to the Katabatic and Anabatic daily patterns that
interact with easterly winds and are less affected by the south-
ern oscillations. Kalayci et al. (2004) used harmonic analysis
to investigate the monthly and annual characteristics of
precipitation at 50 stations in Europe. Hartmann et al. (2008)
discovered biennial periods in precipitation time series of
China using harmonic and autocorrelation analysis and relat-
ing them to quasi-biennial oscillation (QBO). The present
study used harmonic analysis to examine the complex topog-
raphy of Iran and reveal the cycles for precipitable water.

Location and typography of Iran

Iran is located in southwest Asia. It features high mountains
on four sides and borders with seas to the south and north
(Fig. 1). This location creates intra-annual variations in tem-
perature and the occurrence of spatial differences. The large
area of the country (approximately 1,600,000 km?), its wide
latitudinal extent (25 to 40 N), and its pronounced relief
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contribute to the complex structure of humidity distribution
over Iran.

The wide latitudinal extent of Iran places it in many
system paths that can produce humidity in a tempo-
spatial fashion. Under given conditions, the systems
causing the different levels of humidity each operate
in different spaces and time scales. These systems come
from outside the country (e.g., Siberia, Arabian
Peninsula) and from inside (high mountains ranges)
(Aljjani 1994). The two highest mountain ranges are
the Zagros and Alborz-Talish, which reach 4557 and
5670 m in elevation, respectively (Fig. 1b), and strongly
affect the temporal and spatial patterns of humidity. The
Zagros Mountains in western Iran runs northwest to
southeast; the northern Alborz-Talish range runs west
to east along southern coast of the Caspian Sea.

Data and method

To describe the anomalies and annual precipitable water
cycle over Iran, the gridded daily data for pressure and
humidity were obtained from the National Center for
Environmental Prediction and the National Center for
Atmospheric Research (Kalnay et al. 1996). The data
set consists of grid-point values of 2.5°x2.5° for the
years 1950-2010. Doty (1995) used GrADS software
to calculate the sum of the humidity mass-weighted
layers for surface pressure (1000 hPa on the bottom)
and at 275 hPa as follows:

PW = éﬁééoqdp (1)
where g is acceleration of the earth gravity, ¢ is specific hu-
midity (g/g), and p is pressure. The result is g/m” of water or,
essentially, precipitable water (PW; mm). A set of PW time
series was created for each 2.5°%2.5° pixel for the period
1950-2010. The annual PW values were calculated for the
following stages:

1. The spatial PW mean of each decade (PW;,) was calcu-
lated to examine the decadal variation in the spatial PW
mean as:

>y,
Jj i

PW;;=———— (2)

n

To detect the way in which fluctuations occur, PW anom-
alies were compared to each mean of the long-term pixels for
each decade (PWpnean) as:

PWAnomaly = PW—PWmean‘ i (3)
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Fig. 1 Iran: a geographic
location in southwest Asia; b
topographical features

The anomaly maps were obtained using the differ-

ence between the annual mean maps for each decade
and the total mean precipitable water of the entire study
period.

2.

As stated, some climatic variation occurs as
oscillatary behavior; although many sets of data
might not appear to be periodic, they contain inter-
esting periodic components. Bloomfield (2000) stat-
ed that harmonic analysis is invaluable for detecting
such components. Harmonic analysis, thus, was per-
formed on annual PW to estimate its cyclic behav-
ior. A number of harmonic functions with different
frequency amplitudes and phases were constructed
on each pixel in the PW time series. In this meth-
od, the variance distribution along the entire wave-
length of the time series was presented, and the
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time series were converted to frequency functions.
Determining the effective parameters in the variance
of frequency is the objective of harmonic analysis;
therefore, successive waves in a periodic time series
are shown using a harmonic analyzer (Ghaiur and
Asakereh 2005). Niroumad and Bozorgnia (2002)
extracted cycles through a harmonic analyzer by
first calculating the Fourier coefficients using the
following formula:

ST
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where / is the number of harmonics (/=n/2 for even and
[=(n—1)/2 for odd lengths). The variance of each frequency
is obtained as follows (Nesbitt and Zipser 2003):

n

7 (al2 +bf) (5)

1(f7)

Significance was determined using variance mean of fre-
quencies (5) and first-order autocorrelation of the data (r) as
follows (Mitchell et al. 1966):

2
1-rq

. (6)
1 + r3-2rcos <7;l>

Chi-square testing was used to define the confidence inter-
vals (generally 95 %) and significance of cycles as follows:

x2(0.95

v

2
~ 0.05
726(095) 7y <, 20(005) (7)
v v
Numerous cycles were spotted in each pixel. Hierarchical
cluster analysis was applied to the cycle data set using the
squared Euclidian distance and Ward’s algorithm for cluster

fusion, and a pigeonhole cycle was detected.

Discussion and results
Anomalies

Figure 1 shows the spatial distribution of precipitable water,
the anomalies and mean center for three decades (1981-1990,
1991-2000,2001-2010), and for the entire period under study
(1981-2010) over Iran.

Despite the distance from water bodies, the mean precipi-
table water was higher in central Iran than in the Zagros high-
lands. This increase in mean precipitable water in central Iran
may be the result of increased temperature in the center of the
country in response to the increase in water vapor in the at-
mosphere. The highest average precipitable water occurred on
the first decade at 15.1 mm (Table 1). Throughout the study
period, the lowest average precipitable water was recorded for
the highlands (Table 1).

Figure 1 shows the positive (PA) and negative (NA) anom-
alies in dark and light colors, respectively, to indicate increases
and decreases in precipitable water. Table 1 shows the percent-
ages of areas having positive and negative anomalies.
Throughout the study period, 25 % of the country experienced
positive anomalies, particularly along the coasts, and 75 % of
the country experienced negative anomalies, particularly the
mountains and inland areas in the center, east, northwest, and
northeast of the country (Table 1 and Fig. 1).

Positive anomalies were detected in all areas along the
northern and southern coasts in all decades and for total aver-
ages. Recent surveys indicate that the humidity rate is high
over bodies of water and near the seas and is low in the Arctic
and at high latitudes on monthly and annual scales (Stanton
1968; Parameswaran and Krishnamurthy 1990; Alijani 1994;
Hadjimitsis et al. 2011). Mountains and inland deserts in Iran
experienced negative anomalies during all periods. Alijani
(1994) maintains that this could be the result of low humidity
in the mountains and inland deserts. Asakereh and
Doostkamian (2014) suggest that the low values of precipita-
ble water over the mountains and inland areas of Iran could be
the result of decreases in wet advection in the country in recent
decades. It is important to know that an increase in altitude
increases the distance from water bodies and decreases the
atmospheric temperature and moisture. Moreover, the de-
crease in atmosphere results in negative anomalies for precip-
itable water (Fig. 2).

Table 1 and in Fig. 2 show that the areas with neg-
ative anomalies have gradually increased since the first
decade of the study. In the first decade, approximately
66.7 % of the country experienced negative anomalies;
in the last decade, 26.7 % of the country experienced
positive anomalies. This difference could be the result
of the increase in temperature over the country in the
last century. These findings are in line with the findings
of Montazeri (2014), who employed the linear regres-
sion (LR) and Mann-Kendall (MK) methods. They
found that the temperature in Iran has increased in re-
cent decades, particularly in flat and low elevation
areas. In these areas, 60 % of the country experienced
an increase in minimum temperature, and about 27 % of
the country experienced an increase in maximum tem-
perature. The results of the present study confirm these
findings.

Table 1 Area covered (%) by

First decade
(1981-1990)

Third decade
(2001-2010)

All Periods
(1981-2010)

Second decade
(1991-2000)

positive and negative precipitable Annual

water anomalies anomalies
NA (%) 66.7
PA (%) 33.30
Spatial mean (mm) 14.8
Spatial CV (%) 26.36

68.5 73.3 75
31.50 26.7 25
13.7 13.6 142
272 28.4 271
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Fig. 2 Spatial distribution of precipitable water, anomalies and mean center for three successive decades (a—c) and entire period under study (d)

In the second decade (1991-2000), 37.5 % of the country
showed high positive anomalies. This might have been a result
of the cyclic behavior found by Asakreh (2009) in one station
in northwest Iran. During this decade (1991-2000), a decrease
in the area experiencing positive anomalies coincided with a
decrease in the decadal mean of precipitable water, as shown
in the third row of Table 1.

The mean center was plotted for the entire period un-
der study for all decades (Fig. 1) and is denoted by (+)
on the maps. As seen, the mean center inclined to the
south (southern coasts), indicating the greater role of
precipitable water in the southern coastal areas compared
to the northern coast. Some experts (e.g., Carvalho et al.
2007) believe that the climate anomalies are primarily
caused by atmospheric processes in the tropics, mid-lat-
itudes, and subtropical high-pressure regions that interact
with oceanic currents. The increase in positive anomalies
in the adjacent open seas (Oman Sea) could have a sig-
nificant effect on spatial mean. The increase in the coef-
ficients of variation (CV) shown in the fourth row of
Table 1 confirms these findings.

Annual cycles

Significant sinusoidal cycles were detected by harmonic anal-
ysis applied to the data set. Figure 3 shows the cycles classes
detected. In northeastern Iran, 2- through 5-year cycles were
detected. In southeastern Iran, 2- through 8-year cycles were
detected. In the northwest, 2-, 3-, 6-, and 11-year cycles were
detected. In the southwest 2-, 3-, and 16-year cycles were
detected. Inter-annual variability (2—5 years) is evident across
wide areas. This suggests that precipitable water cycles were
shorter in many parts of the country. The shorter cycles were
more frequent in the southeast in which 2- through 8-year
cycles were detected.

Lana et al. (2005) detected 4.6- and 2.1-year cycles in
northeastern Spain and attributed them to the QBO. He attrib-
uted 9.2- and 5.5-year cycles to the NAO. QBO can be attrib-
uted to significant cycles, such as those in southeast (Ghaiur
and Khosravi 2002) and northwest (Asakereh and Razmi
2012) Iran which mainly experience summer rainfall. Azad
et al. (2009) concluded that the 3- to 5-year cycles in Indian
monsoon precipitation were caused by ENSO. It was observed
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Fig 3 Spatial distribution of annual precipitable water cycles over Iran

that 72.4 % of the region was affected by 2- to 4-year cycles
and that 6- and 8-year cycles covered less than 25 % of the
region (Table 2).

The largest and the most diverse cycling occurred in the
Zagros Mountains, parts of the southwest and in the central
parts of the country. In these areas, in addition to the 2-, 3-, and
6-year cycles, longer cycles of up to 11 years also occurred.
Jahanbakhsh and Edalatdust (2008) concluded that cycles of
sunspot activity and the NAO caused the 11-year cycles in the
climate of the country; however, less than 2 % of the region
was affected by the 11-year cycles. The most varied cycles
correlated with the most intense negative anomalies.

Variability in the cycles could be the result of changes in
the precipitation patterns. Weihong et al. (2007) studied the
variation in cycles in China and believed them to be linked
with changes in the southern monsoon currents of the eastern
and western currents in northwest China. They assert that
diversity and changes in rainfall patterns caused flooding in
one area and drought in another area. It can be concluded that,
in addition to the large-scale atmospheric circulation and
systems, local factors and neigboring effects were also

involved in precipitable water patterns of the country.
Factors such as proximity to water bodies in the south and
north of Iran, roughness in the Zagros Mountains and inland
deserts can create great variety in precipitable water patterns.
Pritchardand and Somerville (2009) stated that the variability
in precipitation cycles in the southeastern USA was caused by
Atlantic currents. The 2- to 4-year cycles were more evident in
the northwest of the country.

Precipitable water cycles varied in northwestern Iran, such
as in the Zagros Mountains and parts of the southwest, where
2-and 3-year cycles occurred more frequently in 69.2 % of the
country (Table 2). Scientists have attributed 2- to 4-year cycles
to the ENSO and QBO, large-scale general circulation patterns
and climatic and oceanic processes (Garcia et al. 2002;
Hartmann et al. 2008).

In the northeast and some parts of central Iran, 2- to 5-year
cycles were also observed. These have been attributed to El
Nino. Kalayci et al. (2004) linked 2- to 5-year cycles of pre-
cipitation in Turkey to El Nifio. More than 31 % of the country
(northeastern and parts of central Iran) experienced 2- to 5-
year cycles. Other cycles for the same study period were ob-
served in most parts of Iran, except the southeast, and were
found to be related to trends found in the data. The cycles in
the northwest covered 6.6 % of the total area of this district,
which coincides with 32.2 % of the country (Table 2).

Conclusion

Global warming caused by the increase in greenhouse gases is
undeniable. The parts of the environment where most biolog-
ical processes occur are affected by climate change and its
abnormalities. Evaluating the precipitable water cycle and
anomalies is essential to understanding this interaction. Such
studies can help communities prepare for the detrimental ef-
fects of climate change and decrease losses caused by changes
in the hydrological cycle. The present study employed pres-
sure and humidity data for 1981-2010 to estimate precipitable
water in the atmosphere of Iran. Positive anomalies were de-
tected in the coastal areas for the three periods studied and

Table 2  Area over Iran (%) covered by precipitable water cycles from 1950 to 2010

Group 1 Group 2

Group 3

Group 4

Cycles (year) Area coverage (%) of Cycles (year) Area coverage (%) of Cycle (year) Area coverage (%) of Cycle (year) Area coverage (%) of

Group The country

Group The country

Group The country Group The country

2-5 90.1 314 24 724 122
24 33 1.1 6 13.7 33
10.3 1.7

2-3 80.9  29.6 2-3 692 81
6 3.1 1.1 9 52 058
11 1.5 0.58 16 52 058
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negative anomalies were found in central Iran because of its
remoteness from sources of humidity and increased elevation.

The results indicate that 2- to 5-year cycles dominate the
country. Most scientists have attributed the 2- to 4-year cycles
to the ENSO and QBO, large-scale general circulation pat-
terns, and climatic and oceanic processes. The most varied
cycles (2-, 3-, 6-, 9-, and 1-year) occurred in the south and
southwest of the country that are bordered by the Zagros
Mountains on one side and water bodies on the other. The
most intense negative anomalies occurred in these regions.
Moreover, like in the southwest, different cycles have been
observed in the northwest of the country from the effect of
large mountains, like Sahand and Sabalan.
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