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Abstract— The maximum wind speed trends over Iran were analyzed based on the data
recorded at 49 synoptic stations in Iran, including at least 40 years of data. The regions with
maximum winds in Iran are most often seen in the Zagros Mountain. The nonparametric
Mann—Kendall test at 95 % level of significance was used to survey whether there is a trend
for the maximum wind speed data. Sen’s slope estimator was also used to determine the
magnitude of the trends. The results reveal that the rate of positive trend is much higher
than the negative trend and, in some months, it reaches more than 57% throughout the
territory of Iran. Line slope is positive in 86.7% of the country’s area. The increasing wind
speed can have significant negative impacts on installations and structures, erosion, human
health, evapotranspiration, and wind energy.
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1. Introduction

Climate system is a complex set of elements and factors whose interaction leads
to fluctuations or changes in the system. Many studies on climate change have
been done on only one of the climatic elements. Many changes, variations, and
trends are not the result of one element alone, and are the result of interaction of
several climatic elements and factors (7uller; 2004). Wind speed indicates the
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impact of different elements influencing one another. Therefore, the study of wind
speed trends can reveal climate changes. Wind is not only a reflection of the
atmospheric general circulation characteristics, but it is also a source of climatic
renewable energy. (Liu; 2000).

According to the report of the Intergovernmental Panel on Climate Change
(IPCC), global warming has resulted in an increase of natural disasters such as
floods, droughts, storms, etc. in the world (/PCC; 2014). Storms and maximum
winds are among the most devastating natural disasters. Windstorms cause more
than half of the economic loss associated with natural disasters in Europe
(Munich; 2007). Ulbrich et al. (2013) believe that windstorms have been the most
costly natural hazard in Europe. Long-term variations in near-surface wind speed
have a marked impact on a variety of applications including wind energy, building
construction, coastal erosion, and evaporation rates, among others (7roccoli et al.;
2012). To achieve optimal design balance between safety and design costs, must
be accurately estimated extreme wind speeds (Chiou et al.; 2012).

Research regarding changes in maximum wind speeds at the national level
1s important for the sustainable utilization of wind energy and the mitigation of
disasters caused by extreme winds. This research is also useful to estimating the
cost of electricity generating from wind, wind industry planning and grid
maintenance (Ying et al.; 2013). In general, the results of studies regarding the
trends of winds, maximum winds, gusts, and storms can be classified into three
categories. Most of this research indicates a decrease in their trends.

Vautard et al. (2010), using data from 822 weather stations in the northern
mid-latitudes, showed that surface wind speeds a drop of between 5% to 15%
during a thirty-year period (1979 —-2008). A statistically significant decline was
also reported between 1980 and 2005, dropping 5% (equivalent to 0.02 ms™! per
year) across the network. Negative trends are similarly found in the PRECIS-Re
data in the UK by Hewston and Dorling (2011). McVicar et al. (2012) analyzed
148 studies reporting surface wind speed trends from across the globe, and found
that the average trend was —0.014 ms™' for studies with more than 30 sites
observing data for more than 30 years. Ying et al. (2013) found that the annual
and seasonal maximum wind speed, the frequency of gale days, and the wind
speed in the troposphere and lower stratosphere declined from 1956 to 2004
(especially in winter) in China. Azorin-Molina et al. (2014) analyzed wind speed
trends in the Iberian Peninsula and found a slight downward trend for the annual
mean wind speed of —0.016 ms™ per decade for 1961-2011 and —0.010 ms™ per
decade for 1979-2008. Baule and Shulski (2014) at several locations in the
Beaufort/Chukchi Sea coastal region of the Arctic found negative trends in wind
speed at several locations, particularly at locations in Alaska. Romanic™ et al.
(2015) reported statistically significant negative trends of the Koshava wind
speeds and wind activity observed at all five weather stations, which have been
more pronounced for wind speeds above 5 ms™'. Brazdil et al. (2016) surveyed the
variability of maximum wind gusts in the Czech Republic and found statistically
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significant decreases (deepest in November and in autumn), with the exception of
spring (for stations above 300 m) and summer. Minola et al. (2016) studied near-
surface wind speed trends in Sweden and found downward trends of —0.06 and
—0.14 ms™! per decade for annual mean wind speed of periods 1956-2013 and
1979-2008, respectively. Laapas and Venalainen (2017) found a negative trend
in the analysis of monthly mean and maximum wind speed time series in Finland
during 57 years.

Other have achieved positive and negative trends in the regions in their
studies.

Yan et al. (2002) found an increasing trend of 0.2 ms™ per decade, which had
prevailed over the ocean, in contrast to a decreasing trend of -0/1 m s™! per decade
prevailing over continental Europe in summer. Bronnimann et al. (2012) studied
extreme winds at northern mid-latitudes since 1871, and noticed that the annual
98th percentile of wind speed exhibits changes towards more extreme winds in
the North Atlantic storm track region (or a pole-ward shift), decreasing wind
extremes over the northern subtropics (especially China), and an equator-ward
shift of the Pacific storm track. Klink (2015) analyzed seasonal patterns and trends
of the fastest 2-min winds at coastal stations in the conterminous USA and
concluded, there were positive trends in winter, spring, and summer, while
negative trends are frequent in autumn.

Some studies indicate an increase in their trends: Kruger et al. (2010)
surveyed 94 weather stations in South Africa and reported average annual
maximum wind gusts having increased by +0.09 ms™! in a decade. In Switzerland,
Usbeck et al. (2010) estimated the increase of maximum gust wind speeds and
severe winter storm damages in both amount and frequency from 1858 to 2007.
Fujii (2007) found in Japan that 10 min mean wind speed greater than 20ms’!
increased 1.5-fold from 1976—-1985 to 1996-2005. He also reported the incidence
of wind speed greater than 35 ms™'.

As to the variability of wind speeds, several explanations have been given
including decreases in horizontal atmospheric pressure gradients (Guo et al.;
2010), increased surface roughness surrounding the observed sites (Vautard et al.;
2010), natural climatic variability (Pirazzolli and Tomasin; 2003), time period
chosen for analysis (7Troccoli et al.; 2012), and influences of changes in the
observing instrumentation/firmware (Pryor et al.; 2009).

The aim of this paper is to present a comprehensive analysis of monthly and
annual maximum wind peak trend in Iran based on instrumental measurements
with respect to their spatiotemporal trends.

2. Data and methodology

Iran is located in the southwestern of Asia (25-39°N, 44—63 °E) and consists most
of the Iranian Plateau. Persian Gulf and the Oman Sea are situated in the southern
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of Iran and the Caspian Sea in the north (Fig. 1). This country is one of the world’s
most mountainous countries, with its landscape dominated by rugged mountain
ranges and populous western and northern part is the most mountainous, with
ranges such as the Zagros and the Alborz Mountains (Rahimzadeh et al., 2011).
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Fig. 1. Position and elevation of stations

The monthly maximum wind speed is the highest wind speed observed in the
period of every month, and is measured for every station, along with the associated
month of occurrence. The first few Iranian meteorological stations have been
launched since 1951. Although the number of stations has gradually increased
during the time, the statistical period in many of them is short, thus reducing the
accuracy of the trend statements. In this study, the researcher observed wind speeds
measured at the standard 10-meter height at 49 stations across Iran run by the
meteorological organization in the variability period of 1951-2015. Therefore, the
selected stations had a history of at least 40 years of data.

Since the data from the stations represent points rather than areas, the simple
Kriging interpolation method is used to generalize point data to the area. There
are several methods for interpolation among which Kriging is one of the most
commonly used method in climatology (Cellura, 2008; Li et al., 2016). The
Kriging method provides the best unbiased linear estimation which the weights of
the sample values is estimated based on the variogram model. (Moral, 2010).
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2.1. Classification and zoning of maximum wind

A cluster analysis on annual average of maximum wind showed that Iran can be
classified into four regions. The value of maximum wind average varies between
8 and 20.77 ms!. A discontinuous strip from the northwest to the southeast,
located on the Zagros Mountains, and an area in the northeast show the severest
maximum winds. The lowest wind speed was observed in a discontinuous strip
from the southwest to the southeast and on a relatively extensive region in the
northeast. Fig. 2 represents the classification of annual average of maximum
winds over Iran.
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Fig. 2. Classification of annual average of maximum winds over Iran.

2.2. Monthly trends

Table I represents the areas with their percentage of the monthly and annual
maximum wind speed trends. According to these values, the trend of the
maximum wind speed over Iran is seen in all conditions: neutral, positive, and
negative. The most frequent case is related to no trend situation, which varies in
percentage from 42.3 (May) to 85.2 (December). The percentage of areas with
negative trends in most months is very low, with the highest ones in June and July,
and even in January, March, April, September, November, and December there is
no point with a negative trend. The area with a positive trend is much higher than
negative. This is observed in many areas of the country with a monthly average
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of about 38.3%. Annual average shows that in more than half of Iran’s territory,
the maximum wind speed is incremental. The highest ones are observed from May
to August and the lowest trends are seen from September to February. Spreading
of the area with positive trend in the warm months shows that either the gradient
of pressure in these months is increased or the amount of roughness is decreased.

Table 1. Percentage of areas with monthly and annual maximum wind speed trends

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann

Negative

0.0 0.1 0.0 0.0 02 12 18 07 00 03 00 00 09
trend

Notrend 83.0 69.0 57.0 47.8 423 46.0 61.2 49.1 650 654 650 852 41.0

Pi’rselrtllge 170 309 430 522 575 528 37.0 502 350 343 350 148 58.1

Fig. 3 presents the spatial distribution of monthly maximum wind speed in
the territory of Iran. “Red plus” and “blue line” symbols have been used to show
positive and negative trends, respectively. According to Table 1, the trend is
positive in 17% of the area of Iran in January. Discontinuous regions of Zagros
and Alborz Mountains, the southern coasts of the Caspian Sea, and the central,
northeastern, and eastern regions of the country show a positive trend. In this
month there is no negative trend in any part of the country. In February, the
magnitude of the positive trend and the extent of the regions with a negative trend
is increased. During this month, in addition to the regions that showed positive
trends in January, other areas in the northwest and Jask also show a positive trend,
while negative trend can be seen only in the northwest. The positive trend
increases dramatically in March and covers about 43% of the territory of Iran.
This is due to the increasing positive trend in the northwest and the center. Like
in January, negative trend can’t be observed at any station. In April, the areas with
a positive trend are increased, but this increase has been in the central and eastern
regions. Northwestern areas have experienced a decrease. The extent of the
regions with a negative trend is lower than 1% in the central region of the country.
The highest positive trend is related to May. Exactly in this month, there is an area
with a negative trend in the southeast. After May, the area of the positive trend
gradually decreases until it falls to the lowest value in December. Of course, this
decline is in the negative trend and the area of regions without trend is
incremental. An increase in the negative trend was seen only in the southeast and
a 4.7% decrease in the positive trend along with slight changes in the regions is
the difference between June and May. The highest negative trend area is related
to July (1.8%), but the extent of positive trend has decreased. In August, limited
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areas in the center show a negative trend, and a slight positive trend increase is
observed compared to the previous month. No region in the country shows a
negative trend in September. In this month, two long strips from the southwest
and west parts of the country to the northeast and north, and regions in the east
show a positive trend. In October, a positive trend is observed in more scattered
areas, compared to September, in areas of Zagros, Alborz, northern and central
parts of the country. A negative trend covering limited areas in the southeast. Long
strips in around of Iran from southwest to east, north, and northwest regions, and
a part in the central area of Zagros are observed with a positive trend in November.
The minimum positive trend area is related to December, which is seen in
scattered regions of the Zagros Mountain, southern Caspian, the northeastern and
the eastern parts of the country. Also, not any part of the country show a negative
trend in this month.

Overall, from January to May, the extent of the positive trend is increased
and then from May to December, it is gradually decreased.

39.7 39.78§
397 + Positive Trend| 397, =+ Positive Trend
Caspian Sea No Trend L Caspian Sea No Trend
371 — Negative Trend 37 Negative Trend|

25 January February

339

311 TN 317
29 29
27 271
Km
| e—

i\

T T T T T T 25 T T T T T T = T
4 46 48 50 52 54 56 58 60 62 6333 44 46 48 50 52 54 56 58 60 62 63.33

25

Fig. 3. Spatial distribution of monthly maximum wind speed trends over Iran during the
studied period.
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Fig. 3. (continued)

Fig. 4 shows the annual trend of the maximum wind speed and the elevation
contours of the stations. 58.1% and 0.9% of the area of the country are associated
with positive and negative trends, respectively. The area with the highest positive
trend is seen in the continuous regions from south to north with an area in the
center, around which there is no trend. Negative trends are located in the
southeastern and central parts of the country. Positive and negative trends do not
match with specific elevations. Therefore, the trends do not follow the elevation
contours, and the positive trends include regions from lower than zero to higher
than 2500 m regions with positive trend including more than half of the country
except for regions in the center, southwest to west, south, southeast, and
northeast. Negative trends are seen in the southeast and central regions of the
country.
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Fig. 4. Spatial distribution of annual maximum wind speed trends over Iran during the
studied period.

In so far as the Mann-Kendall test can only identify trends and their
directions in which the line slope is not known, the Sen Slope estimator was used
to calculate the line slope. The line slope of the maximum annual wind speed is
presented in Table 2. Positive and negative slopes were seen in 86.7% and 13.3%
of the areas in the country, respectively. Negative slope regions are located as
scattered points in the center and the corners of the country. The most extensive
regions with a negative slope are seen in the southeast and southwest areas. The
highest positive slope is related to Zabul station (in the eastern part of the country,
Sistan and Baluchestan province) by 0.155 in each year, and the highest negative
slope is related to the Kish station (in the southern part of the country, an Island
in the Persian Gulf) by —0.035 in each year. The pressure gradient between the
altitudes in the northeastern part of Iran and the low pressure of Pakistan cause
the 120-day wind in Sistan. This wind blow during June to September. Zabul is
located in the direction of these severe seasonal winds. Kish is one of the most
important tourism island of Iran which located in the Persian Gulf. The decreasing
of wind speed show that pressure gradient has decreased between this island and
the surrounding regions (Fig. 5).
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Fig. 5. Spatial distribution of annual maximum wind speed slope line over Iran during the
studied period.

Table 2. Statistics from stations with the highest positive and negative line slopes

Station Mean Min99%  MAaX 050, Max 95% beta
slope 99%

Zabul 0155 0.096 0.208 0.112 0.192 2.7816

Kish  -0.035 0.103 0.029 -0.087 0.009 2.8038

3. Conclusion

Global warming and climate change have caused disturbances in the planet’s
systems such as increasing maximum winds, storms, and gusts. The increasing
maximum winds and gusts can increase losses to human. The value of maximum
wind average varies between 8 to 20.77 ms™! in different parts of Iran. The lowest
wind speed is observed in the southern and southeastern parts of the country and
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the highest is observed in Manjil and Ardebil (more than 17 ms™). This is true for
the discontinuous parts of the Zagros Mountain as a belt extending from northwest
to southeast, and a relatively small region in the east of the Caspian Sea. The
investigation of monthly and annual maximum wind speeds indicates that all the
three states of positive, negative, and no trend can be seen in Iran. The most
prevalent state is related to no trend, which changes between 42.3% (annual) and
85.2% (December). The percentage of the area with positive trend changes
between 57.5% (annual) and 14.8% (December). The area with negative trend is
very insignificant (less than 2%). The line slope of the annual maximum winds is
presented in Table 2. Positive and negative slopes are seen in 86.7% and 13.3%
of the areas of the country. Negative slope regions are located as scattered points
in the center and the corners of country. The most extensive regions with a
negative slope are seen in the southeastern and southwestern parts of the country.

Any effective factor on pressure gradient and roughness can change the
speed of winds and gusts. Drying of the country's water areas, including lakes and
lagoons, has increased the temperature in these areas and has increased their
pressure gradient with regions surrounding them (like the Urmia Lake and the
Bakhtegan Lake). Destruction of forests in the Zagros Mountain and in the
northern part of the country has led to decreasing the roughness, and the result is
an increase in the wind speed. On the other hand, the temperature increase in the
high pressure regions has led to a decrease in the pressure gradient as well as in
the wind speed (southeastern area). In the centra and eastern regions, the
occurrence of dust has decreased the wind speed. Broadly speaking, there are
different reasons for each region in Iran due to specific environmental conditions.
These cases of increased maximum wind speed have strong negative impacts on
installations and structures, erosion, human health, evapotranspiration, and wind
energy, therefore, necessary measures are obligatory to be taken to reduce the
negative consequences.
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