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Abstract

Purpose — The purpose of this paper is to assess the spatial and temporal variations of extreme hot days
(H*) and heat wave frequencies across Iran.

Design/methodology/approach — The authors used daily maximum temperature (7,,,) data of 27
synoptic stations in Iran. These data were standardized using the mean and the standard deviation of each
day of the year. An extreme hot day was defined when the Z score of daily maximum temperature of that day
was equal or more than a given threshold fixed at 1.7, while a heat wave event was considered to occur when
the Z score exceeds the threshold for at least three continuous days. According to these criteria, the annual
frequency of extreme hot days and the number of heat waves were determined for all stations.

Findings — The trend analysis of H* shows a positive trend during the past two decades in Iran, with the
maximum number of H* (110 cases) observed in 2010. A significant trend of the number of heat waves per
year was also detected during 1991-2013 in all the stations. Overall, results indicate that Iran has experienced
heat waves in recent years more often than its long-term average. There will be more frequent and intense hot
days and heat waves across Iran until 2050, due to estimated increase of mean air temperature between 0.5-1.1
and 0.8-1.6 degree centigrade for Rcp2.6 and Rep8.8 scenarios, respectively.

Originality/value — The trend analysis of hot days and heat wave frequencies is a particularly original
aspect of this paper. It is very important for policy- and decision-makers especially in agriculture and health
sectors of Iran to make some adaptation strategies for future frequent and intense hot days over Iran.
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1. Introduction
The global temperatures during 1880 to 2012 show a warming trend of 0.85 * 0.18° and in
the Northern Hemisphere, 1983-2012 was likely the warmest 30-year period of the past 1400
years (IPCC, 2013).

One of the negative consequences of climate change is increasing the frequency,
intensity, spatial extent, duration and timing of extreme weather and climate events, and
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frequency of warm spells has increased in large parts of Europe, Asia and Australia since  Extreme heat
the middle of the twentieth century (IPCC, 2012). events in Iran

Because of global warming and increase of air temperature in future, confidence has
increased that some extremes will become more frequent and intense as well as more
widespread during the twenty-first century (IPCC, 2007, 2013).

Extreme heat events are among the most serious challenges for a society coping with a
changing climate (CCSP, 2008) and can be very harmful for human health, ecosystems, 419
agriculture and economic sectors such as energy and tourism (World Health Organization,
2004).

The health impacts of heat waves are an emerging environmental health concern (Wolf
and McGregor, 2013). Recent heat wave events, in particular the 2003 European event
(Beniston, 2004), the 2007 South Asian heat wave, the 2010 Russian event (Grumm, 2011)
and the August 2015 heat wave in Europe and the Middle East (Climate.gov of NOAA,
2015), have highlighted the impacts of the phenomenon across the world.

In the Euro-Mediterranean region, extreme climatic events are characterized by
significant changes in the trends of percentiles in the course of the twentieth century, and an
increase in the temperature in the course of the twenty-first century is likely to produce an
increase in the frequency of severe heat wave episodes (Baldi et al., 2006).

Among others, Fujibe et al. (2007) and Baldi et al. (2006) support the hypothesis that heat
wave episodes are a direct result of the warming of the lower troposphere, and according to
this hypothesis, they analyzed the maximum air temperature in Japan and in the
Mediterranean region, respectively, and found strong correlation between heat extremes and
large-scale atmospheric patterns.

Hassan et al. (2004) investigated temperature data and synoptic maps over Kuwait and
their results show that extremely high temperatures in the warm season are due to the
changes in the regional circulation pattern.

Extremely high temperatures contribute to elevated values of the physiologically
equivalent temperature (PET) across the world (Hoppe, 1999; Matzarakis et al., 1999). When
PET exceeds given thresholds, it can produce a thermal stress impact and cause widespread
mortality, especially among children and the elderly population, as evidenced by the 2003
heat wave in Europe that resulted in more than 15,000 fatalities in France alone (Justin,
2007). The extended heat wave in July and August 2003 resulted in above-average
temperatures throughout Europe, Scandinavia and western Russia, and monthly mean
temperatures during this event well exceeded the 90th percentile in several regions.
Barriopedro et al. (2011) named 2003 and 2010 heat wave events over Europe and large parts
of Russia events as “Mega-heatwaves” and found that these Mega-heatwaves likely broke
the 500-year-long seasonal temperature records over approximately 50 per cent of Europe.
The summer of 2003 was also unusually hot across much of Asia, and Shanghai
recorded the hottest summer in over 50 years (Tan et al, 2007). The intense and prolonged
heat wave that occurred in 1998 in Shanghai resulted in numerous deaths: for several days,
the daily number of fatalities in the city exceeded three times the daily summer average
(Tan et al., 2004). Frich et al. (2002) analyzed a new global climatic data set and found a
significant change in climatic extremes during the second half of the twentieth century.
However, the increase in hot days and hot spells is not homogeneous worldwide: Salinger
and Griffiths (2001) analyzed extreme temperatures in New Zealand and found a trend
toward lower temperature extremes over most of New Zealand.

In more recent years, it was noticed that a lower number of fatalities was associated to
the occurrence of heat wave episodes most probably owing to some socioeconomic factors,
like using the air-conditioning, and health risk warning systems. The other environmental
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IJCCSM factors such as air pollution combined with extreme weather conditions can have a negative
94 impact on human comfort (Smoyer et al., 2001; Sheridan and Dolney, 2003; Leiker, 2002).

’ Arid and semiarid climate conditions, with low annual precipitation and high potential
evapotranspiration, are the dominant climate conditions of many places of Iran. According
to the Képpen—Geiger classification (Markus, 2006), the most prevalent climates are arid and
semi-arid with hot-summer Mediterranean climate (Csa), cold semi-arid climates (BSk) and

420 cold desert climates (BWk). The annual precipitation varies from about 1,800 mm in the
north parts of Iran and to less than 50 mm over central deserts of Iran (Amiri and Eslamian,
2010). Mildrexler et al (2011) produced global maps of annual land surface maximum
temperature based on high-resolution satellite data during 2003-2009 and found that the Lut
Desert located in central parts of Iran had the highest surface temperature on Earth in 2004
(68.0°C), 2005 (70.7°C), 2006 (68.5°C), 2007 (69.0°C) and 2009 (68.6°C).

Although the analysis of annual and monthly rainfall time series in Iran revealed that
there are no statistically significant trends in all seasons (Soltani et al., 2011; Parak ef al.,
2015), negative trends for surface and ground water reserves have been observed in several
parts of Iran which suffer from frequent drought and hot weather phenomena (Saboohi ef al.,
2012; Kousari et al., 2013; Ghasemi, 2015; Parak et al., 2015).

To get a better understanding of the effects of prolonged heat waves on human health, it
is necessary to have a more detailed knowledge of the climatology of the phenomenon and of
the mechanisms leading to those episodes (Zhang ef al., 2005), and the main objective of the
present study is to analyze time series of extreme heat waves events and hot spells over Iran.
Taking into account the fact that the time series of air temperature at the surface in Iran
show a positive trend during the summer (Tabari and Talaee, 2011), we examine the time
series of summer maximum temperatures for the period 1961-2013 in 27 meteorological
stations over Iran to investigate if heat wave events show any significant long-term
variation.

2. Data and methodology

2.1 Data and study area

Iran is located in the southwest of Asia, approximately between 25 and 40°N in latitude and
between 40 and 64°E in longitude. Twenty-seven synoptic meteorological stations were
selected over different climate regions of Iran (Figure 1). Daily maximum temperature data
(T'100) Of the selected stations were extracted from Iran Meteorological Organization data
sets from 1961 to 2013.

2.2 Methods

An extreme event is as an event that is rare within its statistical reference distribution at a
particular place (IPCC, 2013). An extreme weather event would normally be as rarer than
90th percentile based on departure from climatic mean. There are various indices of extreme
temperature: percentile indices, absolute indices, threshold indices, duration indices and
other indices which do not fall into any of the above categories but changes in them could
have significant societal impacts (Alexander et al., 2006).

Heat wave was defined as a unrelenting heat persisting for at least three consecutive
days with temperature above the 90th percentile threshold (Karl and Knight, 1997), and for
heat waves as a climatic extreme event, several factors such as duration and intensity need
to be combined to produce an extreme event (Seneviratne ef al., 2012). In our study, a heat
wave event is considered to occur when the standardized daily maximum temperatures
(daily Z scores) keep exceeding the threshold value of 1.7 for at least four continuous days.
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IJCCSM We defined extremely hot day as a day in which its standardized daily maximum temperature
9,4 value exceeds 1.7 (Z > 1.7), where Z represents the Z score and is calculated as follows:

(Tmax - Tmean)
o

7 =

where T,.., and o are the mean and standard deviation of daily maximum temperature
422 and 7,4, is daily maximum temperature. Days showing a value of Z > 1.7 are then defined
as hot days (H*).
For the analyses of heat waves, we followed the approach used by Fujibe ef al. (2007), and
to calculate the Z score, first we calculated the average of 7, for each calendar day (z) and
for each station () (7(z,7)):

n=N
> T(5mn)
Tl =" 1
(@,7) N )
where 11, 7, n) is the value of daily maximum temperature at station 7, on day j, in year »# and

N is the number of years.
Then, a nine-day running average was applied three times to filter out day-to-day
irregularities. The departure from the climatic mean is given by:

The extremity of AT depends on the day-to-day temperature variability, which differs
according to seasons and regions. As an index of day-to-day variability, the variance of AT
in the 31 days centered on each calendar day was calculated as:

1 s . 72
) = > O |ATGS ) — TG, ) &)
n=1961;/=j—16
where:
2013 j+16
ATGf) =gy D > [ATGS 7)) @
n=1961;'=j—16

According to equations (1)-(4) and using daily 7, of each station, we calculated the daily
value of Z and H* for each year and station. Then, we define a heat wave event when H*
existed for at least four consecutive days. Frequency and duration characteristics of heat wave
events were evaluated during 1961-2013. Heat wave frequency is the number of heat wave
events that occur in each year for each station. Heat wave duration is the total number of
consecutive days with Z > 1.7 and is averaged annually for each station (Habeeb et al., 2015).

3. Results

3.1 Long-term changes of T,,4x

Figure 2 shows the monthly variation of 7,,,, for each station. Between all the stations,
Ahwaz, with a monthly maximum temperature above 45°C, is the warmest station.
Considering all the 27 stations, the mean maximum temperature in July (warmest month of
year) varies between 28 and 45°C.
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A univariate, Mann—Kendall (MK) test was then applied to the time series of annual minimum
and maximum temperature to detect monotonic trends. The results show a positive trend in
annual minimum and maximum temperature over Iran, except for one station (Shahrekord) in
the center of Iran (Figures 3 and 4). The negative trend is because of displacement of this
station in 2001 from a warmer position to a colder one (near Shahrekord airport).

The annual maximum air temperatures were averaged across main synoptic stations (27
stations) in Iran (IMSS), so-called national maximum temperatures, and a trend analysis was
also performed on this data set for the two study periods: 1961-2013 and 1991-2013.

The time series of T,,, shows a positive trend (0.015°C/decade) during 1961-2013
[Figure 5(a)], but for the past three decades (1991-2013), the trend is higher (0.1°C/
decade) [Figure 5(b)].

We analyzed the trends in heat wave frequencies for all the IMSS and at the national
level. To obtain information at the national level, the heat wave characteristics were
averaged across all IMSS.

The time series of the average number of heat waves in the 27 synoptic stations during the
recent decades (1991-2013) shows a significant increase in heat wave occurrence (Figure 6).

The evaluation of trend coefficients of frequency of heat waves using the non-parametric
MK test during 1961-1990 generally exhibits no statistically significant trends with respect
to time, whereas assessment of the time series of frequency of heat waves during recent
decades (1990-2013) indicates a significant positive trend (p < 0.05) at 55 per cent of studied
stations (Table I). Overall, analyses of special distribution of heat wave time series show a
positive trend in all parts of Iran, except some coastal stations located at the Caspian Sea.
Using ANOVA test, we found significant differences between 1961-1990 period and recent
decades (1991-2013) for heat wave frequencies in IMSS (Figure 8).

The analysis of the frequency of heat wave occurrence shows that the highest frequency
of heat wave events was observed at southern parts of Iran, specially stations which were
located across the coastal area of the Persian Gulf.

In average, the annual number of heat waves was found to increase by 0.2 heat waves per
decade. Figure 7 shows the trend analysis of heat wave frequency during the two study
periods over Iran (Figure 8).
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4. Conclusion

One of the most important climate hazards is represented by heat waves, which is a usual
and frequent phenomenon in Iran during summer. Occurrence of severe heat waves in the
past few decades has increased more than 2 times compared to its long-term average, and it
is continuously increasing in frequency and intensity.

In this study we investigated the spatial patterns of long-term trends in annual number
of hot days and heat wave frequencies at 27 stations across Iran during 1961-2013. During
this period, minimum and maximum number of heat waves were observed at Abadan (28
heat waves) and Bandar Abbas (88 heat waves), respectively. While the results do not show
a positive significant trend (b < 0.05) in annual number of hot days and heat wave
frequencies during the period 1961-1990 over Iran (except central and southern parts of the
country), there was a positive trend for H* and heat waves during 1991-2013 over all 27
stations. Of the 27 stations over the observation period, only one station (Shahrekord) shows
a statistically significant decrease in heat wave occurrence since 1961. It can be concluded
that during recent decades, Iran has experienced heat waves more than before and it has
been an inclusive event that is probably related to global warming.

Our findings are also consistent with what has been observed in Middle Eastern regions.
Jeremy and Eltahir (2015) and Zhang et al. (2005) showed similar trends in central and
southern Asia. Their results show significant, and spatially coherent, trends in temperature
indices corresponding to a warming trend in the region. It was found that the frequency of
warm days has significantly increased during 1961-2005 over the Persian Gulf region.
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With regard to global warming, the Middle East and North Africa region is considered one
of the most vulnerable regions facing climate change impacts, because of its dry and semi-
dry climate (Elasha, 2010). As an example, on Friday, July 31, 2015, a combination of
extreme heat and humidity yielded an extraordinary value of the heat index equal to 73°C at
Mahshahr city located in the coastal area of the Persian Gulf in Iran. CNRM_CM5 climate
model projection shows increase of Iran annual mean temperature between 0.5-1.1 and 0.8-
1.6 degree centigrade for Rep2.6 and Rep8.8 until 2050, respectively. In both scenarios, the
strongest rise in temperature over Iran is expected during summer, when it is already very
hot. The maximum daytime temperature during the hottest days will increase by 3°C by the
middle of this century in the RCP8.5 scenario (Lelieveld et al., 2016).

If the same climate trends continue, extreme heat waves events will become more intense
in the Persian Gulf countries and coastal cities in Iran until 2070 (Jeremy and Eltahir, 2015).
The longer and more frequent intense heat waves in future will have negative impacts on
Iran agriculture, energy and tourism sectors, in addition to Iranian people’s health and life
being impacted by the dry and hot climate and water shortage problem across the country.
Considering the hot days and heat wave frequency trends discussed in this paper, and
because of the negative impacts of these phenomena on human health and natural resources,
it will be necessary to plan adaptation strategies to combat negative impacts of climate
change in Iran. Reduction of exposure and vulnerability, enhancement of adaptive capacity
and improvement of responses during and after a heat wave can be considered as adaptation
strategies (Loughnan et al, 2013), as well as cheapest and practical methods to combat
negative impacts and the risk of extreme heat events in the future.
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