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Abstract In this study, changes in the spatial and temporal pat-

terns of climate extreme indices were analyzed. Daily maximum

and minimum air temperature, precipitation, and their association

with climate changewere used as the basis for tracking changes at

50 meteorological stations in Iran over the period 1975–2010.

Sixteen indices of extreme temperature and 11 indices of extreme

precipitation, which have been quality controlled and tested for

homogeneity and missing data, are examined. Temperature ex-

tremes show a warming trend, with a large proportion of stations

having statistically significant trends for all temperature indices.

Over the last 15 years (1995–2010), the annual frequency of

warm days and nights has increased by 12 and 14 days/decade,

respectively. The number of cold days and nights has decreased

by 4 and 3 days/decade, respectively. The annualmeanmaximum

and minimum temperatures averaged across Iran both increased

by 0.031 and 0.059 °C/decade. The probability of cold nights has

gradually decreased from more than 20 % in 1975–1986 to less

than 15 % in 1999–2010, whereas the mean frequency of warm

days has increased abruptly between the first 12-year period

(1975–1986) and the recent 12-year period (1999–2010) from

18 to 40 %, respectively. There are no systematic regional trends

over the study period in total precipitation or in the frequency and

duration of extreme precipitation events. Statistically significant

trends in extreme precipitation events are observed at less than

15 % of all weather stations, with no spatially coherent pattern of

change, whereas statistically significant changes in extreme tem-

perature events have occurred at more than 85 % of all weather

stations, forming strongly coherent spatial patterns.

1 Introduction

Changes in extreme weather and climate events have signifi-

cant impacts and pose serious challenges to societies (CCSP
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2008). Such extremes are likely to have profound impacts on

human societies (e.g., Zhang et al. 2005) and can lead to

hundreds of injuries and fatalities and billions of dollars of

economic losses. Climate extremes, as defined by the World

Meteorological Organization (WMO), are raremeteorological

and climatological phenomena that surpass a defined thresh-

old (Das et al. 2003). Extreme events fall in the tails of a

probability distribution of climate parameters, such as rainfall

and temperature. Changes in the frequency of temperature

extremes may result in changes of the mean, the variance,

and/or both. In a skewed distribution such as that of precipi-

tation, changes in the distribution mean often affect its vari-

ability or spread. Climate change may alter the frequency of

precipitation, which consequently also leads to changes in

length of dry spells.

Understanding the mechanisms associated with extreme

events at the regional scale could provide useful insights for

resource planners, system managers, and policy makers to

help to mitigate financial losses; therefore, comprehensive re-

gional studies are crucial to assess the mechanisms and im-

pacts of extreme events in a global context. Prior research has

shown changes in the frequency and intensity of climate ex-

tremes over the past century (Alexander et al. 2006; Dos San-

tos et al. 2010; Frei and Schär 2001; Frich et al. 2002; Kiktev

et al. 2003; Moberg and Jones 2005; Sen Roy and Balling

2004; Vincent et al. 2005; Aguilar et al. 2005; New et al.

2006; Wong et al. 2010; Hirschi et al. 2011). Zong and Chen

(2000) illustrated how devastating a single extreme precipita-

tion event can be for human societies. Increases in the inten-

sity and frequency of extreme temperature events can result in

human health issues along with significant increase in energy

consumption (e.g., Huynen et al. 2001; UNEP 2004). Numer-

ous studies about changes of extremes have been published

(Alexander et al. 2006; Frei and Schär 2001; Karl and Knight

1998; Osborn et al. 2000; Sen Roy and Balling 2004), but

there is still a considerable lack of information on trends and

changeability in daily climate and climate extremes (e.g.,

Nicholls et al. 1996). Synthesizing the results of those studies

to obtain a more regional and global picture is an ongoing

progress (Alexander et al. 2006; Frich et al. 2002; Groisman

et al. 1999; Karl et al. 1995; Kiktev et al. 2003; Moberg and

Jones 2005; Kharin et al. 2007; Peterson et al. 2008).

Klein Tank and Können (2003) evaluated the trends in

indices of daily temperature and precipitation extremes in Eu-

rope over 1946–1999. The results of this study indicated that

for the 1946–1975 subperiod, an episode of slight cooling, the

annual number of warm extremes decreased, but the annual

number of cold extremes did not increase. For the 1976–1999

subperiod, an episode of pronounced warming, the annual

number of warm extremes increased two times faster than

expected from the corresponding decrease in the number of

cold extremes. For precipitation, all the continental-averaged

(Europe) indices of wet extremes increased in the 1946–1999

period, although the spatial coherence of the trends was low.

Such trend studies have been performed also for European

countries individually. Domonkos (2001) studied consecutive

days that have extremely low and extremely high tempera-

tures (long periods, i.e., several weeks) in Hungary. Jones

et al. (1999) used definite temperatures, apart from the values

of the 90 and 10 % intervals, as threshold values to study the

change in the frequency of temperature extremes over the

British Isles. For the winter season, the number of days and

the sum of degree-days with temperatures below 0 °C were

determined, while for the summer, these were determinedwith

temperatures above 20 °C.

Climate trends in indices for temperature and precipi-

tation across New York State during 1948–2008 were in-

vestigated by Insaf et al. (2012). Their results showed that

the most substantial change per decade is related to the

number of frost days (−0.97 days per decade) and diurnal

temperature (−0.11 °C). For precipitation indicators, the

number of heavy precipitation days (+0.99 days), consec-

utive wet days (+0.42 days), the total wet day precipita-

tion (+30.19 mm), and the simple daily intensity index (+

0.18 mm/day) showed the most pronounced changes per

decade. Brunetti et al. (2000) showed positive trends for

both maximum and minimum daily temperature over the

period 1865–1996 in Italy, and they pointed out that the

trends are greatest in the south of the country, while

Moonen et al. (2002) demonstrated decreases in extreme

cold events in central Italy. Kioutsioukis et al. (2010)

assessed statistical changes in climate extremes over

Greece and found that half of the examined climatic indi-

ces exhibited significant regional trends.

For the southern hemisphere, Alexander et al. (2007),

using a standard set of annual and seasonal climate

extreme indices derived from daily temperature and

precipitation data, analyzed the relationships between

mean and extreme trends across Australia and found

that the trends in extremes of both temperature and

precipitation are highly correlated with the mean

trends. Plummer et al. (1999) studied climate extremes

in Australia and New Zealand during the twentieth

century and found increases in heavy precipitation

events, enhanced frequency of extreme warm days and

nights, while extreme cold days and nights and drought

events had decreased. Similar results were produced by

Manton et al. (2001) in a study over Southeast Asia and

the South Pacific islands including Australia and New

Zealand. Souvignet et al. (2014) studied the recent cli-

matic trends and their linkages to river discharge in

Central Vietnam. They found an intensification of rain-

fall (+15 %/decade), with more extreme and longer

events. River discharge trends also showed an increase

in mean discharge (31 to 35 %/decade) over the last

decades.
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Meanwhile, for both northern and southern hemispheres at

the same time, Choi et al. (2009) evaluated the changes in

means and extreme events of temperature and precipitation

in the Asia-Pacific Network region during 1955–2007. Their

results indicated that there have been seasonally and diurnally

asymmetric changes in extreme temperature events relative to

recent increases in temperature means in the APN region.

Statistically significant trends in extreme precipitation events

were observed at fewer than 30 % of all weather stations, with

no spatially coherent pattern of change, whereas statistically

significant changes in extreme temperature events had oc-

curred at more than 70 % of all weather stations, forming

strongly coherent spatial patterns.

For Iran, there are various regional studies on recent

trends and variability in the monthly climate conditions

(Kavyani and Asakereh 1999; Hedayat Dezfuly 2001;

Sabziparvar et al. 2011); however, there is limited work

on precipitation and temperature extremes. Alijani (2007)

analyzed a time series of daily rainfall variability and

extreme events at Tehran station from 1961 to 2004.

Sohrabi et al. (2009) detected noticeable changes in tem-

perature and precipitation extremes that can lead to warmer

and dryer climate in the Semnan province. The variability

of extreme temperature and precipitation events in Iran in

recent decades was evaluated by Rahimzadeh et al. (2009),

who found negative trends for indices including frost/ice

days (FD/ID), cool days/nights (TX10p/TN10p), and diur-

nal temperature range (DTR) over most regions of Iran.

Positive trends were found for summer days (SU25), warm

days (TX90p), and tropical nights (TR20) over most re-

gions of the country. Marofi et al. (2010) and Sohrabi

et al. (2013a, b) found temperature indices that are consis-

tent with a warming in the coastal and mountainous regions,

respectively. Warm nights, hot days, and the frequency of

their occurrence increased, while cold spell and cool day

and night frequencies declined. Taghavi (2010) investigat-

ed the linkage between climate change and extreme events

in Iran and found that the number of very warm days (T40)

increased while the amount of cool days (ID) decreased.

Changes in total and extreme precipitation indices vary

with geographic location. Sohrabi et al. (2013a) demon-

strated the linkage between climate extremes and drought

over Idaho, USA, and variations in sea surface temperature

and pressure in Pacific and Atlantic Oceans. Their study

also reported significant increases in temperature extremes,

which can lead to considerable changes in the hydrological

cycle of the region.

This study provides a comprehensive analysis of

changes (and their significance) in temperature and pre-

cipitation extremes across Iran for the period 1975–

2010. Daily to seasonal time scales are assessed in or-

der to predict the impact of climate change on regional

hydrology and water resources. Due to recent water

shortages in Iran, including reduced water levels of

lakes and alteration of major rivers to seasonal rivers,

analyses of spatiotemporal changes in climatic extremes

can provide crucial information for policy and decision

makers.

2 Methodology

2.1 Study area, data, and quality control

Iran is located to the southwest of Asia, and it is a mostly

mountainous country where two major mountain chains, the

Alborz Range and the Zagros Range, dissect the country into

climactic zones. The Caspian Sea is situated in the northern

sector, providing maritime influences, while the south is dom-

inated by the Oman Sea and Persian Gulf. Iran covers approx-

imately 1,873,959 km2 and has a topography range from −26

to 5671 m a.s.l. (Fig. 1). The coastal Caspian Sea is typically

mild, humid, and wet, with air temperature rarely falling be-

low 0 °C or exceeding 29 °C. Mountainous areas experience

severe winters and heavy snowfalls, and the remaining regions

are arid, with their humidity and temperature varying based on

proximity to major water bodies and topography. January is

usually the coldest months with typical temperatures ranging

from 0 to 10 °C. The hottest month is July with temperatures

upwards of 20 to 30 °C (Alijani 1996).

In this study, daily maximum andminimum temperature and

precipitation data observed at 50 weather stations, collected by

the Islamic Republic of Iran Meteorological Organization

(IRIMO), are used to analyze 16 extreme temperature indices

and 11 extreme precipitation indices for a 36-year (1975–2010)

period (Fig. 1 and Table 1). Data quality checks, from Zhang

and Yang (2004), are carried out to identify missing values and

potentially unrealistic climate records (i.e., outliers).

2.2 Extreme climate indices andmethods of trend analyses

A set of 27 indices, developed by the Expert Team on

Climate Change Detection and Indices (ETCCDMI), is

applied to calculate a standard set of extreme statistics

for Iran (Easterling et al. 2003). Some indices are based

on fixed thresholds, while others are dependent on the

location; thresholds are defined as percentiles of the time

series distribution (Table 2). Procedures developed by

Zhang and Yang (2004) are utilized to develop linear

trends, calculated based on climate anomalies between

1975 and 2010, and have been consistently followed in

similar studies (e.g., Sohrabi et al. 2013a, b; Marofi et al.

2010; Alexander et al. 2006; Dos Santos et al. 2010;

Haylock et al. 2006; Zhang et al. 2005; Easterling et al.

2003; Choi et al. 2009).
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Warm (WSDI) and cold (CSDI) spell duration indica-

tors consider long-lasting events of warm and cold days

based on two different percentiles. Monthly extreme tem-

perature indices, the highest and lowest daily maximum

and minimum temperatures for a given month (TXx, TXn,

TNx, and TNn), and diurnal temperature range (DTR) are

identified with maximum or minimum monthly records at

individual weather stations. Fixed threshold indices in-

clude summer days (SU), ice days (ID), tropical nights

(TR), frost days (FD), and growing season lengths

(GSL). Stronger/weaker extremes are defined as 5 °C

above or below the fixed thresholds. For precipitation

indices, which are based on relative thresholds, upper fifth

(R95p) and first (R99p) percentiles are used to calculate

the accumulation of extreme wet day precipitation values.

Single-day precipitation totals are considered (RX1day),

and the consecutive day accumulation at individual

weather stations is used to define monthly maximum 5-

day precipitation values (RX5day). Successive dry (CDD)

and wet (CWD) days are used to examine durational char-

acteristics of extreme precipitation events. Annual average

characteristics of precipitation events are represented in

annual total wet-day precipitation (PRCPTOT) and simple

daily intensity index (SDII). Extreme precipitation events

exceeding absolute thresholds of precipitation are charac-

terized by the number of days with precipitation exceed-

ing 10 mm (R10mm), 20 mm (R20mm), and 35 mm

(R35mm).

The estimated linear trends across the 50 weather stations

are regionally averaged to examine the nationwide tendencies

in Iran. Regional variations across Iran are visualized using

spatial trend maps, where individual observation stations are

interpolated with Inverse Distance Weighting (IDW). Addi-

tionally, time series of interannual anomalies of seasonal/

annual averages and maximum/minimum temperatures are

calculated at individual weather stations. Spatial distribution

maps considering the sign, as well as the changes and magni-

tude of each index, are presented. Seasonal relationships be-

tween the changes in climate means and extreme events across

50 weather stations are analyzed via scatter plots and linear

regression analyses. Moreover, trends and annual time series

mean values for annual series of percentile temperature indi-

ces for cold and warm day/nights, in addition to the precipita-

tion indices (simple daily intensity index and heavy precipita-

tion, very wet, and consecutive dry day indices), were drawn

during the examined period.

Fig. 1 List and locations of the 50 weather stations utilized in this study and the topography of the country
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Table 1 Geographical characteristics of the selected weather sites and defined regions across Iran during the period 1975–2010

No. Regions Station name Latitude (N) Longitude (E) Elevation (m)

1 Northwest Khoy 38° 33′ 44° 58′ 1103

2 Oroomieh 37° 32′ 45° 05′ 1315.9

3 Tabriz 38° 05′ 46° 17′ 1361

4 Ardebil 38° 15′ 48° 17′ 1332

5 Zanjan 36° 41′ 48° 29′ 1663

6 Saghez 36° 15′ 46° 16′ 1522.8

7 Qazvin 36° 15′ 50° 03′ 1279.2

8 Hamedan Forodgah 34° 52′ 48° 32′ 1741.5

9 Hamedan Noujeh 35° 12′ 48° 43′ 1679.7

10 Sanandaj 35° 20′ 47° 00′ 1373.4

11 North Gorgan 36° 51′ 54° 16′ 13.3

12 Noushahr 36° 39′ 51° 30′ −20.9

13 Babolsar 36° 43′ 52° 39′′ −21

14 Ramsar 36° 54′ 50° 40′ −20

15 Rasht 37° 12′ 49° 39′ 3607

16 Bandar-e-Anzali 37° 28′ 49° 28′ −26.2

17 Northeast Mashhad 36° 16′ 59° 38′ 999.2

18 Bojnourd 37° 28′ 57° 19′ 1091

19 Sabzewar 36° 12′ 57° 43′ 977.6

20 West Kermanshah 34° 21′ 47° 09′ 1318.6

21 Khoramabad 23° 26′ 48° 17′ 1147.8

22 Arak 34° 06′ 49° 46′ 1708

23 Shahrekord 32° 17′ 50° 51′ 2048.9

24 Central Tehran 35° 41′ 51° 19′ 1190.8

25 Doshantapeh 35° 42′ 51° 20′ 1209.2

26 Semnan 35° 35′ 53° 33′ 1130.8

27 Tabas 33° 36′ 56° 55′ 711

28 Yazd 31° 54′ 54° 17′ 1237.2

29 Esfahan 32° 37′ 51° 40′ 1550.4

30 Shargh-e-Esfahan 32° 40′ 51° 52′ 1543

31 Kashan 33° 59′ 51° 27′ 982.3

32 Shahroud 36° 25′ 54° 57′ 1345.3

33 East Birjand 32° 52′ 59° 12′ 1491

34 Torbatheidarieh 35° 16′ 59° 13′ 1450.8

35 Zabol 31° 02′ 61° 29′ 489.2

36 Southwest Ahwaz 31° 20′ 48° 40′ 22.5

37 Abadan 30° 22′ 48° 15′ 606

38 Abadeh 31° 11′ 52° 40′ 2030

39 Dezful 32° 24′ 48° 23′ 143

40 Bushehr 28° 59′ 50° 50′ 19.6

41 Shiraz 29° 32′ 52° 36′ 1484

42 South Bandar-e-Lengeh 26° 32′ 54° 50′ 22.7

43 Fasa 28° 58′ 53° 41′ 1288.3

44 Bandarabas 27° 13′ 56° 22′ 9.8

45 Jask 25° 38′ 57° 46′ 5.2

46 Southeast Chabahar 25° 17′ 60° 37′ 8

47 Iranshahr 27° 12′ 60° 42′ 591.1

48 Zahedan 29° 28′ 60° 53′ 1370

49 Kerman 30° 15′ 56° 58′ 1753.8

50 Bam 29° 06′ 58° 21′ 1066.9
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3 Results

3.1 Annual and seasonal changes in temperature means

and extreme events

3.1.1 Trends in temperature means and frequency of extreme

temperature events

Regional changes in the annual averages of maximum and

minimum temperatures, winter and summer periods during

1975–2010 over Iran are shown in Fig. 2. The annual maxi-

mum and minimum average temperatures across the country

have increased by 0.031 and 0.059 °C/decade, respectively

(Fig. 2). The rate of annual minimum temperature increase is

nearly double the annual maximum temperatures over the

country. The northeastern regions have the largest difference

between the amounts of annual minimum/maximum temper-

ature rise at 0.1 °C/decade compared to the small differentia-

tion in the northwestern (0.001 °C/decade) and eastern

(0.005 °C/decade) regions. Average winter max and min

Table 2 The 27 extreme temperature and precipitation indices (Karl et al. 1999; Peterson 2005)

Index Descriptive name Definition Units

Hot extreme temperature indices

GSL Growing season length Annual count between first span of at least 6 days with TG > 5 °C

after winter and first span after summer of 6 days with TG < 5 °C

Days

SU Summer days Annual count of summer days when daily maximum temperature (TX) > 27 °C Days

TR Tropical nights Annual count when TN > 5 °C Days

TXx Max Tmax Monthly maximum value of daily maximum temperature. Txkj can be

defined as the daily maximum temperatures in month k, period j

°C

TNx Max Tmin Monthly highest TN °C

TN90p Warm nights Percentage of days when monthly value of daily minimum temperature

(TN) > 90th percentile during 1975–2010

%

TX90p Warm days Percentage of days when monthly value of daily maximum temperature

(TX) > 90th percentile during 1975–2010

%

WSDI Warm spell duration indicator Annual count of days with at least 6 consecutive days when TX > 90th

percentile during 1975–2010

Days

Cold extreme temperature indices

CSDI Cold spell duration indicator Annual count of days with at least 6 consecutive days when TN > 10th

percentile during 1975–2010

Days

DTR Diurnal temperature range Monthly mean temperature difference between TX and TN °C

FD Frost days Annual count of frost days when daily minimum temperature TN < 0 °C Days

ID Ice days Annual count of icing days when TX < 2 °C Days

TXn Min Tmax Monthly lowest TX °C

TNn Min Tmin Monthly minimum value of daily minimum temperature. Txkj can be

defined as the daily minimum temperatures in month k, period j

°C

TN10p Cold nights Percentage of days when monthly value of daily minimum temperature

(TN) < 10th percentile during 1975–2010

%

TX10p Cold days Percentage of days when monthly value of daily maximum temperature

(TX) < 10th percentile during 1975–2010

%

Extreme precipitation indices

CDD Consecutive dry days Maximum number of consecutive dry days Days

CWD Consecutive wet days Count the largest number of consecutive days where RRij ≥ 1 mm,

where RRij is the daily precipitation amount on day i in period j

Days

PRCPTOT Wet day precipitation Annual total precipitation from wet days mm

R10mm Heavy precipitation days Annual count of days when RR ≥ 10 mm Days

R20mm Very heavy precipitation days Annual count of days when RR ≥ 20 mm Days

R35mm Number of days have precipitation

above 35 mm

Annual count of days when RR ≥ 35 mm Days

R95p Very wet days Count the largest number of consecutive wet days when the amount of

rainfall falling above the 95th percentiles during 1975–2010

mm

R99p Extremely wet days Count the largest number of consecutive wet days when the amount of

rainfall falling above the 99th percentiles during 1975–2010

mm

RX1day Max 1-day precipitation amount The maximum 1-day precipitation each month mm

RX5day Max 5-day precipitation amount The maximum 5-day precipitation each month mm

SDII Simple daily intensity index Average precipitation on wet days mm/day
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temperature changes are greater than those in summer, with

growth rates of 0.05 and 0.07 °C/decade in winter, respective-

ly, and 0.02 and 0.06 °C/decade in summer, respectively.

Nocturnal influences have a larger contribution than daily

changes on mean temperature, as indicated by a larger minima

temperature increase compared to the maxima; however, the

sign and magnitude of seasonal temperature variations is spa-

tially dependent (Table 3). Sites located in the west and central

regions of Iran exhibit greater rates of intensification in winter

maximum temperature (0.08–0.06 °C/decade) compared to

the minimum (0.02–0.01 °C/decade), in opposition of the

country-wide trends. Differences between winter minimum

and maximum temperature rates of alteration are greatest in

the southwest at 0.06 and 0.14 °C/decade during the summer.

In contrast, the eastern regions have the smallest difference

in summer rates at 0.002 °C/decade. Trends in the north-

west and east regions are typically weaker for mean, max-

imum, and minimum temperatures. The time series of re-

gional average change in extreme temperature indices of

warm/cold days and warm/cold nights during 1975–2010

over Iran (Fig. 3) show a better fit from polynomial func-

tions instead of linear regressions. The rate of change in

extreme temperature events has, therefore, accelerated in

the later part of the examined period. Despite the trend

Table 3 Linear trends (°C/

decade) in winter, summer, and

annual maximum/minimum

temperatures in nine different

geographic regions of Iran during

1975–2010 (discrimination of the

regions is based on Table 1)

Climate means Trends of maximum temperature Trends of minimum temperature

Regions Winter Summer Annual Winter Summer Annual

Northwest 0.095 0.030 0.054 0.079 0.039 0.055

North 0.056 −0.005 0.014 0.081 0.084 0.076

Northeast 0.095 0.034 0.042 0.145 0.174 0.139

West 0.079 0.061 0.067 0.015 0.075 0.059

Central 0.061 0.059 0.051 0.005 0.004 0.002

East 0.015 0.010 0.001 0.012 0.008 0.006

Southwest 0.020 0.029 0.024 0.080 0.105 0.099

South 0.003 −0.014 −0.002 0.020 0.017 0.021

Southeast 0.051 0.014 0.023 0.062 0.043 0.053

Fig. 2 Changes in mean, a

maximum, and b minimum

temperatures over Iran for annual

(green), winter (blue), and

summer (red) periods during

1975–2010
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nonlinearity, the slopes of linear trends are utilized to en-

sure the comparability of trend magnitudes country-wide.

During the last 15 years (1995–2010), the annual frequency

of warm days has substantially increased, 12 days/decade,

whereas cold day incidence has decreased by 4 days/decade

(Fig. 3a). Warm night annual frequency has dramatically ex-

panded by 14 days/decade, while that of cold nights has

dropped slightly by 3 days/decade (Fig. 3b). Rates of increase

of the warm day and night annual frequencies have doubled in

the last 15 years compared to the entire timeframe.

Through comprising the probability distribution functions

(PDFs) of the annual percentage of cold nights and warm days

in each of three 12-year subsets of the 36-year period, we

found systematic shifts in the mean and variance of recent

extreme temperature event frequency (Fig. 4). The mean of

the PDF of cold nights has gradually decreased from >20 to

<15 %, with a reduced variance, between 1975–1986 and

1999–2010. Contrarily, the mean frequency of warm days

has increased from 18 to 40 %, with an increased variance,

between the two timeframes (Fig. 4).

3.1.2 Changes in hot extreme temperature events (TXx, TNx,

SU, TR, TX90p, TN90p, GSL, and WSDI)

Extreme temperature indices listed in Table 2 are utilized to

investigate climate extremes across Iran. Spatial distribution

maps of trends in these indices at the individual stations

provide more detailed information of how the magnitude of

rates of change in extreme climate events varies from one

Fig. 4 Probability distribution function of annual frequency of a cold

nights (TN10P) and bwarm days (TX90P) for 50 weather stations across

Iran for three 12-year periods: 1975–1986 (blue solid line), 1987–1998

(red dashed line), and 1999–2010 (green dotted line)

Fig. 3 Regional average changes

in a warm days (TX90P)–cold

days (TX10P), and bwarm nights

(TN90P)–cold nights (TN10P),

averaged across Iran during

1975–2010
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weather station to another. Most stations exhibited a warming

in temperature extremes, as shown in Figs. 5 and 6, and great-

er alteration in the nocturnal extreme temperature events ver-

sus daytime extreme incidences. Maximum temperature

(TXx) trend increases occur at 29 stations, with 3 stations

exhibiting significant trends (Esfahan, Yazd, and Zahedan sta-

tions). Thirteen of 50 stations have decreasing trends, 90 % of

which are situated in the Zagros mountain range. The Caspian

Sea southern coast’s stations remain predominantly un-

changed (Fig. 5a).

Maximum of minimum temperature (TNx) shows consid-

erably larger numbers of increasing and significant trends than

TXx, with stations in the Alborz and Zagros mountain ranges

and south/southeastern regions exhibiting significance. The

strongest changes in TNx extremes are observed along the

southern Caspian Sea coastline, while only Oroomieh,

Saghez, and Esfahan remain unaltered (Fig. 5b). Summer days

(SU) show similar positive trends compared to tropical nights

(TR), with a slight difference geographically. Trend signifi-

cance is found in 60–70 % of the stations in both indices

Fig. 5 Spatial distributions of hot extreme temperature events at 50

weather stations across Iran during 1975–2010: amax Tmax (TXx),

bmax Tmin (TNx), c summer days (SU), d tropical nights (TR), e

warm days (TX90p), and f warm nights (TN90p). The direction of

triangles indicates the signs of the changes, and the size of symbols

represents the magnitude of the changes
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(Fig. 5c, d); however, some stations over the Zagros mountain

range have decreasing tendencies. Only Bushehr station in SU

(Fig. 5c) and Ardebil station in TR (Fig. 5d) remained un-

changed. Warm nights (TN90p) show greater positive trends

than warm days (TX90p), with more than 90 % of the stations

significantly increasing in TN90p across Iran (Fig. 5f). Only

seven stations show decreasing trends in warm days (Fig. 5e)

and six for warm nights (Fig. 5f).

A majority of stations have an expanded growing season

length (GSL), with 8 that are statistically significant; however,

15 in the northern and southern regions, which exhibit GSL

reductions, and some coastal areas are neutral (Fig. 6a). A

similar spatial pattern was found for the warm spell duration

indicator (WSDI) with 8 stations significantly increasing, 11

decreasing (mainly in the Zagros Mountains), and 1 (Arak)

with neutral trend (Fig. 6b).

3.1.3 Changes in cold extreme temperature events (TNn, TXn,

FD, ID, TN10p, TX10p, CSDI, and DRT)

Cold extreme indices (Figs. 7 and 8), like hot indices, also

show trends that are consistent with warming. The increasing

trend in the minimum of minimum temperature (TNn) is iden-

tified at most stations, with 11, which are statistically signifi-

cant in the west and north areas of the country, and 12 in the

south/southeast showing decreasing trends (Fig. 7a). The min-

imum of maximum temperature (TXn) is spatially similar to

TNn; however, there were more (16) decreasing trends in TXn

(Fig. 7b). At 2 stations, TXn had significant increasing trend,

while 11 significant increasing trends were found in TNn. In

TXn and TNn, there are 11 and 8 neutral stations, respectively

(Fig. 7a).

Frost/ice days (FD/ID) declined at a considerable number

of the stations, but very few ID trends are significant (Fig. 7c,

d). All the stations on the southern Caspian Sea coastline have

fewer frost days, with statistical significance at Noushahr and

Ramsar. Stations located at the southern coast of Iran

remained unchanged (Fig. 7c). Upwards of 95 % of stations

showed decreasing trends in ice days (ID) especially in the

northwest, but unlike FD, stations located at the southern coast

of Caspian indicated increasing or zero trends in ice days. In

general, 18 stations are unaltered for the ID index, and 15

exhibit increases, with statistical significance at the Abadeh

station (Fig. 7d).

In cold nights (TN10p), significant decreasing trends are ob-

served at many stations, and only ten display increasing trends

(Fig. 7e). More than 95 % of the stations showed decreases in

TX10p, and only Abadeh and Semnan expressed positive trends

(Fig. 7f). On the whole, cold nights and days have significantly

decreased across most of the country (Fig. 7e, f).

Several significantly decreasing trends in the cold spell

duration indicator (CSDI) were identified across Iran, with

most of the statistically significant stations in the Alborz and

Zagros mountains (Fig. 8a). Only six of the stations showed

positive trends (nonsignificant). The large number of negative

diurnal temperature range (DTR) occurrences indicates that

daily minimum temperature increases with higher magnitude

than daily maximum temperatures at most stations. All of the

observation points located at the southern coast of Caspian

have negative tendencies, and stations along the southern Ira-

nian coast show similar DTR results except at Bandarabas,

which remains unchanged. Eleven points have positive trends,

four of which are statistically significant (Fig. 8b).

Trends in the extreme temperature indices were com-

pared to examine the consistency in the magnitude of

change across individual sites (Fig. 9). The linear regres-

sion slope, fitted to the combined change rates of annual

cold nights against annual warm nights, is 21.7, while cold

days versus warm days are 24.9 (Fig. 9a, b). According to

these ratios, it is clear that the increased frequency of annual

warm nights is greater than the decrease in cold nights

across Iran (Figs. 5e and 7e), and frequency of annual warm

Fig. 6 Same as Fig. 5, but for a growing season length (GSL) and b warm spell duration indicator (WSDI)
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days increases faster than the rate of cold days decreases.

Furthermore, the slope of the linear regression from the

annual warm day alterations versus cold nights is 3.4, while

warm days against warm nights is 4.2 (Fig. 9c, d).

These slopes suggest that annual extreme temperature alter-

ation is more apparent in nocturnal events than in daytime ones,

reinforcing the earlier findings (Karl and Knight 1998; Moberg

and Jones 2005; Brunetti et al. 2000; Choi et al. 2009; Alexander

et al. 2006). Themagnitude of change in warm and cold nights is

typically more than double warm and cold days. Diurnal patterns

in extreme temperature events in Iran have occurred asymmetri-

cally over the 1975–2010 period, with stronger nighttime signals.

Fig. 7 Same as Fig. 5, but for cold extreme temperature events including: aminTmin (TNn), bminTmax (TXn), c frost days (FD), d ice days (ID), e cold

nights (TN10p), and f cold days (TX10p)
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One of the main advantages of the ETCCDI and similar indices

is the ability to combine regional information into a global prod-

uct (Zhang et al. 2011). Spatial distribution and time series of

estimated trends are shown in Fig. 10. According to the Figure,

some indices exhibit significant increases in warm night frequen-

cy (Fig. 10b), but with less intensity than warm days (Fig. 10d),

and a decrease in the number of cold nights (Fig. 10a) and cold

days (Fig. 10c) across Iran for the entire study period, consistent

with the previous results (Figs. 5e, f and 7e, f). These results

illustrate the widespread, significant changes in temperature ex-

tremes associated with warming from 1975 to 2010.

The cold night trend gradually decreases, while the oppo-

site occurs for warm nights. Over 90% of the country shows a

significant decrease in the annual occurrence of cold nights

(Fig. 10a) and a significant increase in annual warm nights

(Fig. 10b). Daily maximum temperature indices show similar

Fig. 9 a–d Comparisons of trends (days/decade) of extreme temperature

events over 1975–2010 across Iran: cold nights (TN10P), cold days

(TX10P), warm nights (TN90P), and warm days (TX90P). The purple

fit line indicates linear regression, and the green solid lines indicate mean

confidence intervals at the 95 % level

Fig. 8 Same as Fig. 5, but for cold extreme temperature events including: a cold spell duration indicator (CSDI) and b diurnal temperature range (DTR)
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changes with smaller magnitudes (Fig. 10c, d), and fluctua-

tions for the cold and warm day time series have descending

and ascending tendencies at the end of the period, respectively

(Fig. 10c, d).

3.2 Annual and seasonal changes in precipitation totals

and extremes

3.2.1 Annual and seasonal total precipitation

Unlike mean or extremes of temperature, seasonal and annual

precipitation does not show spatial continuity. Although sig-

nificant interannual variation exists with significant

anomalies, there is negligible alteration in annual total precip-

itation (−0.95 mm/decade) (Fig. 11).

The largest decreasing trend occurs in western regions of

the country (−3.34mm/decade), and the central regions are the

only locations with positive change (0.11 mm/decade;

Table 4). Total summertime precipitation has a slight increas-

ing trend (0.16 mm/decade) because of positive anomalies

since the late 1990s, while winter total precipitation expresses

an insignificant negative change (−0.75 mm/decade). The

greatest total summer precipitation increase can be found in

the north (1.81 mm/decade). In winter, the greatest reduction

occurred in northeastern regions, at −5.51 mm/decade. Linear

trends of annual and seasonal total precipitation in most re-

gions of the country are not statistically significant (Table 4).

Fig. 10 Trends (days/decade, shown as maps) and annual time series

mean values (plots) for annual series of percentile temperature indices

for 1975–2010 for a cold nights (TN10p), b warm nights (TN90p), c

cold days (TX10p), and d warm days (TX90p). The orange curves on

the plots are nonlinear trend estimates obtained by smoothing using a

fifth-polynomial trend line
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3.2.2 Changes in extreme precipitation events

Extreme precipitation indices have few significant changes,

and in general, the amount, frequency, and intensity of precip-

itation in most regions of Iran decreased (Figs. 12 and 13).

More than 90 % of the stations show a decreasing trend in

heavy precipitation days (R10mm), five of which have statis-

tically significant decreasing trends, located in the Caspian

region, and Alborz/Zagros mountain ranges. Five stations

have a positive trend in R10mm, and the central and eastern

areas are dominantly neutral (Fig. 12a). In contrast, the heavy

precipitation days (R20mm) have 12 positive trends, but over-

all have a majority of decreasing tendencies (Fig. 12b). Sim-

ilar results are found for precipitation above 35 mm (R35mm)

and very wet days (R95p).

Approximately 35 % of the stations, mainly in mountain-

ous areas, showed positive trends, although none were signif-

icant. The R35mm and R95p on the coastlines are decreasing

(Fig. 12c, d), while in the remainder of the country, 27 stations

have nonsignificant increases, 70 % of which were located in

the mountains. Fifteen stations have decreases in these indi-

ces, significant only at Tabas and Yazd in the central regions,

and eastern parts of the coasts are neutrally effected (Fig. 12e).

The increases found for consecutive dry days at 30 observa-

tion points were expected, given the water shortages over the

past decade. While precipitation intensity predominantly in-

creased, precipitation frequency has decreased, and this is de-

tected via the R99p index increases (Fig. 12e, f). Both max 1-

day (Rx1day) and 5-day precipitation (Rx5day) records show

decreases through most of the country.

Some western and southeastern stations exhibited increas-

ing index trends (Fig. 13a, b). More than 90 % of the stations

have decreased frequency of consecutive wet days (CWD),

consistent with CDD findings (Fig. 13c). The largest number

of increasing, statistically significant, precipitation trends is

found in the simple daily intensity index (SDII) (32 positive;

5 significant), mainly in mountainous areas (Fig. 13d). Wet

day precipitation (PRCPTOT) exhibits statistically significant

decreases at many stations (Fig. 13e), and heavy precipitation/

very wet days index alterations are spatially coherent. The

greatest R10 and R95p values are observed along the coastline

of Caspian Sea, and time series analysis reveals decreases in

both indices, with a steeper negative slope for R95p (Fig. 14a,

b). There is significant increase in consecutive dry days espe-

cially in the south of Iran (Fig. 14c), and the largest simple

daily intensity index (SDII) is observed at the southern

Caspian Sea coast (Fig. 14d); however, both time series ex-

hibit a net neutral trend (Fig. 14c, d).

4 Discussion and conclusions

Findings in this investigation are consistent with previous

studies, as analysis of observational data (Easterling et al.

Table 4 Linear trends (mm/decade) of annual, summer, and winter

total precipitation in nine different geographic regions of Iran during

1975–2010

Regions Trends of total precipitation (mm/decade)

Winter Summer Annual

Northwest −1.12 −0.17 −2.20

North −2.77 1.81 −1.04

Northeast −5.51 0.12 −0.75

West −1.49 0.13 −3.34

Central 0.41 −0.01 0.11

East 0.04 0.02 −0.55

Southwest −0.48 −0.01 −0.65

South −0.79 0.20 −0.94

Southeast −0.78 −0.04 −0.43

Fig. 11 Same as Fig. 2, but for

annual and seasonal total

precipitation (mm)
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1997; Alexander et al. 2006) or model data (Kattenberg et al.

1996; Kharin et al. 2007) indicates that warming tendencies

are primarily a result of Tmin increases. Research on globally

observed changes in daily temperature and precipitation ex-

tremes concluded that, between 1951 and 2003, over 70 % of

land area sampled had significant increases in annual warm

nights and significant decreases in cold night occurrence

(Alexander et al. 2006). Most precipitation indices across

Iran tend towards drier conditions, while these indices

indicated wetter conditions globally. Based on the fifth

assessment report of the IPCC (2013), frequency of warm

seasonal mean temperatures has rapidly increased

Fig. 12 Same as Fig. 5, but for precipitation extremes including: a heavy precipitation days (R10mm), b very heavy precipitation days (R20mm), c

number of days have precipitation above 35 mm (R35mm), d very wet days (R95p), e extremely wet days (R99p), and f consecutive dry days (CDD)
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worldwide (Jones et al. 2008; Stott et al. 2011; Hansen

et al. 2012), and these positive trends have been partially

attributed to human influence (Stott et al. 2011; Christidis

et al. 2012a, 2012b). Vast evidence continues to support

the conclusion that, globally, most land areas have expe-

rienced significant maximum and minimum temperature

extreme warming since the 1950s (Donat et al. 2013c),

which is in a good agreement with this study.

Observations show an increase in heavy precipitations at

global scale (IPCC 2013), including observed annual maxi-

mum 1-day precipitation (RX1day) indicating significant in-

creases in extreme precipitation worldwide. Iran exhibits this

Fig. 13 Same as Fig. 5, but for precipitation extremes including: a max 1-day precipitation amount (RX1day), b max 5-day precipitation amount

(RX5day), c consecutive wet days (CWD), d simple daily intensity index (SDII), and e wet day precipitation heavy precipitation days (PRCPTOT)
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trend in some regions, west, southwest, and southeast, but the

remainder of the country has a nonsignificant decrease in the

RX1day index.

Research on extreme climate characteristics, however,

made it possible to reveal regional and seasonal features in

the change of extremeness of temperature and precipitation

conditions over Iran. In this study, 27 climate extremes indices

and their trends were calculated, which provides useful infor-

mation about changes in extreme climate events across Iran

since the mid-1970s. One key result is the spatially and tem-

porally coherent change pattern in extreme temperature events

across Iran over the study period, while significant changes in

precipitation means and extreme events were observed on

most regions of the country. Extremes indices related to min-

imum temperatures particularly warm nights (TN90p) gener-

ally had stronger trends compared to maximum temperatures.

Most extreme precipitation indices, however, showed

significant trends at a small proportion (<15 %) of weather

stations, with no spatially clustered change patterns.

Elevation changes are slightly (nonsignificantly) correlated

with climate extreme indices, notably a positive relationship

with frost days (FD) and ice days (ID), which indicate a de-

creasing trend observed in the mountains. In warm extremes,

the correlation is negative for most indices, indicating an as-

cending trend. The TXx index is an exception with a strongly

positive correlation in the Zagros mountain range. The rela-

tionship between precipitation extreme trends and elevation

indicates a mix pattern, with positive relations in the indices

of PRCPTOT, R10mm, and CWD, but the opposite relation-

ship in CDD, R99p, and SDII. Thus, the relationships between

climate extremes and elevation are not quite clear.

The annual mean maximum and minimum temperatures

across Iran increased by 0.31 and 0.59 °C/decade, respective-

ly. In winter, rate of increase in maximum and minimum

Fig. 14 Same as Fig. 10, but for precipitation indices including a R10 in days, b R95p in mm, c CDD in days, and d SDII in mm/day
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temperatures over the country are 0.054 and 0.071 °C/decade,

respectively, whereas the corresponding increases in summer

maximum and minimum temperatures are 0.024 and

0.059 °C/decade, respectively. Seasonal and annual precipita-

tion does not indicate considerable, spatially coherent trends,

unlike the temperature means or extremes in Iran; however,

the signs and magnitude of changes in seasonal and annual

max/min temperature and precipitation events vary spatially.

The rates of increase in annual warm day/night frequencies

between 1995 and 2010 are nearly double the cold day and

night occurrences during this period. The mean of the PDF of

cold nights has gradually decreased from more than 20 % in

1975–1986 to less than 15 % in 1999–2010 over the study

periods with a reduction in variance, whereas the mean fre-

quency of warm days increased abruptly between the first 12-

year period (1975–1986) and the recent 12-year period (1999–

2010) from 18 to 40%, respectively, along with increase in the

variance.

The change rates of nocturnal extreme temperature events

are greater than those of the daytime extreme temperature

events, and increasing trends in maximum of maximum tem-

perature (TXx) and maximum of minimum temperature

(TNx) extremes occur at many stations over the country. Ap-

proximately in 60–70 % of the stations, in summer days (SU)

and tropical nights (TR), significant increasing trends were

found across the country. Warm nights (TN90p) showed a

higher number of positive trends than warm days (TX90p),

which more than 95 % of the stations in TN90p indicated

significant increasing trends in all over the country (see

Tables 5 and 6 for more details).

Warm spell duration indicator (WSDI) increases were iden-

tified in parameters including growing season length (GSL),

which has a consistent spatial pattern across the country. Cold

extreme indices also exhibit trends consistent with warming,

i.e., minimum of minimum temperature (TNn) and minimum
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Table 6 The most significant trend estimates in a range of climate

indices for different regions of Iran during the study period (1975–2010)

Regions Significant trends of climate indices

TX90p TX10p TN90p TN10p RX1day R95p CDD

Northwest 0.431 −0.2 0.504 −0.458 0.227 −1.301 0.565

North 0.255 −0.256 0.633 −0.534 −0.518 −2.267 a

Northeast 0.242 −0.11 0.611 −0.766 a a a

West 0.582 −0.385 0.276 −0.339 a a a

Central 0.506 −0.334 0.458 0.157 0.279 a a

East 0.228 a 0.273 a a a a

Southwest 0.288 −0.175 0.669 −0.783 a a a

South a
−0.222 0.346 −0.149 −1.139 −2.802 a

Southeast −0.863 −0.255 0.711 −0.777 a a a

a Indicates that the trend is not statistically significant at 95 % level
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of maximum temperature (TXn) increases. Frost days (FD),

ice days (ID), cold nights (TN10p), cold days (TX10p), cold

spell duration indicator (CSDI), and diurnal temperature range

(DTR) indices have all significantly declined at many stations

(see Tables 5 and 6). Comparison of extreme temperature

event trends shows that diurnal changes in extreme tempera-

ture events in Iran have occurred asymmetrically over the

1975–2010 period, with stronger signals at night than during

the day.

Precipitation indices have fewer significant trends in

the decrease of amount, frequency, and intensity of pre-

cipitation when compared with temperature indices.

Ninety percent of stations have a decrease in heavy

precipitation days (R10mm), while very heavy precipi-

tation days (R20mm), days above 35 mm (R35mm), and

very wet days (R95p) increased nationwide. The number

of consecutive dry days (CDD) indicated a nonsignifi-

cant increasing trend, while large numbers of R99p in

the same regions have been detected. Large numbers of

max 1 day (Rx1day) and 5 day precipitation amounts

(Rx5day) showed decreasing trends at most stations (see

Tables 5 and 6), as well as more than 90 % of the

stations indicated decreasing trend in the numbers of

consecutive wet days (CWD). In addition, the largest

number of increasing and statistically significant trends

among precipitation indices was found in the simple

daily intensity index (SDII), which mostly located over

the mounta inous areas . Wet day prec ipi ta t ion

(PRCPTOT) also showed statistically significant de-

creasing trends at many stations of the country.

The signs of changes reported in this study for both

temperature and precipitation extreme events are

predominantly consistent with earlier findings by

Rahimzadeh et al. (2009) for Iran. Compared with their

results, however, this study provides more detailed infor-

mation about the magnitude of seasonal trends and anom-

alies time series, based on most recent data at a greater

number of stations, as well as spatial distributions of trends

of extreme temperature and precipitation indices over the

country. Changes in the occurrence of extreme indices can

often have a far greater detrimental impact on ecosystems

than a change in average climate conditions. Determining

the precise contribution of climate variation to the frequen-

cy of extreme events is not, however, an easy matter. Ex-

pected future climate change may continue to alter the fre-

quency and severity of extreme events in various parts of

Iran, with its complex climatological regions.
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