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ABSTRACT

¹x
¹x

Spatiotemporal  analysis  of  long-term  changes  in  air  temperature  is  of  prime  importance  for  climate  change  re-
search and the development of effective mitigation and adaptation strategies. Although there are considerable studies
on air temperature change across the globe, most of them have been on linear trends and time series analysis of non-
linear trends have not received enough attention. Here, spatiotemporal patterns of monthly and annual mean (Tmean),
maximum (Tmax), and minimum (Tmin) air temperature at 47 synoptic stations across climate zones in Iran for a 40-yr
period (1978–2017)  are  analyzed.  A polynomial  fitting scheme (Polytrend)  is  used to  both monthly  and annual  air
temperature data to detect trends and classify them into linear and nonlinear (quadratic and cubic) categories. The sig-
nificant (non-significant) trends in Tmean, Tmax, and Tmin across all climate zones are 41.1% (58.9%), 34.1% (65.9%),
and 46% (54%), respectively. The highest magnitude of increasing trends is observed in the annual Tmin (0.47°C dec-
ade−1) and the lowest magnitude is for the annual Tmax (0.4°C decade−1). Across the country, increasing trends (  =
37.2%) have  higher  spatial  coverage  than the  decreasing trends  (  =  3.2%).  Warming trends  in Tmean (65.3%) and
Tmin (73.1%) are mainly observed in humid climate zone while warming trends in Tmax are in semi-arid (43.9%) and
arid (34.1%) climates. Linear change with a positive trend is predominant in all Tmean (56.7%), Tmax (67.8%), and Tmin
(71.2%) and for both monthly and annual data. Further, the linear trends have the highest warming rate in annual Tmin
(0.83°C decade−1) and Tmean (0.46°C decade−1) whereas the nonlinear trends have the highest warming rate in annual
Tmax (0.52°C decade−1).  The linear  trend type is  predominant  across  the country especially  in  humid climate  zones
whereas the nonlinear trends (quadratic and cubic) are mainly observed in the arid climate zones.  This study high-
lights nonlinear changes and spatiotemporal trends in air temperature in Iran and contributes to a growing body of cli-
mate change literature that is  necessary for the development of effective mitigation and adaptation strategies in the
Middle East.
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1.    Introduction

The  global  climate  has  significantly  warmed  up  over
the last  100 years  as  there  has  been an average increase
of  0.85°C  (0.65–1.06°C)  in  air  temperature  during
1880–2012 (IPCC, 2013; Shi et al., 2018). This warming
is  due  to  increasing  concentrations  of  CO2 and  other
greenhouse gases in the atmosphere largely driven by in-
dustrialization,  land-use  change,  and  use  of  fossil  fuels
and biomass (Khattak et al.,  2011; Mullick et al.,  2019).
Air temperature is an important climatic variable that af-
fects human health, natural ecosystems, plant and animal
communities,  energy–water  balance,  and  the  hydrologic

cycle (Kousari et al., 2013; Sonali and Kumar, 2013; Bil-
bao  et  al.,  2019).  Higher  temperatures  increase  evapo-
transpiration  and  subsequently  atmospheric  water  vapor
content, which can influence surface energy fluxes (Held
and Soden, 2000; Dai, 2006; Zhang et al., 2013; Wang et
al.,  2017; Abdi  et  al.,  2019).  Air  temperature  extremes
such  as  maximum  and  minimum,  warming  rates,  and
their  spatial  patterns  change  at  both  local  and  regional
scales (Yang et al., 2020). There is thus growing concern
about  the  effect  of  climate  change  on  social  and  natural
systems at those scales (Del Río et al., 2011).

The use of average values (Tmean) to indicate temperat-
ure  increase  under  climate  change  ignores  variations  in
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local climate and the effects of relocation of stations over
time  (Li  et  al.,  2004; You  et  al.,  2014).  Several  studies
have  pointed  out  that  the  rate  of  change  in  maximum
(Tmax)  and  minimum  temperature  (Tmin)  is  higher  than
Tmean (Matiu et al., 2016; El Kenawy et al., 2019). Spati-
otemporal  variations in  air  temperature present  a  unique
window  to  understand  the  complex  nonlinear  climate
system  under  global  warming  (Yu  et  al.,  2019).  This  is
particularly relevant in drylands, which cover about 45%
of the earth’s land surface (Prăvălie, 2016), as increasing
aridity  in  these  regions  causes  substantial  shifts  in  eco-
system structure  and  function  (Berdugo  et  al.,  2020).  In
southwest  Asia,  large  swaths  of  arid  and  semi-arid  land
are  hotspots  for  climate  change  (Tabari  and  Willems,
2018)  as  models  project  future  temperatures  to  exceed
human habitability (Pal and Eltahir, 2016).

Iran is  the  second-largest  country  in  the  Middle  East.
It  has  a  diverse  climate  varying from very humid mont-
ane to coastal hyper-arid, but mostly comprises arid and
semi-arid  regions  (Khalili  and  Rahimi,  2018).  It  is  also
the  third-most  populous  country  in  the  region  with  84
million inhabitants (United Nations, 2019). Iran has been
experiencing high climatic variability that can change the
trend and magnitude of meteorological variables such as
temperature, evaporation, and radiation (Moghim, 2018).
Therefore,  extreme  climate  events  such  as  heat  waves
(Perkins-Kirkpatrick and Gibson, 2017; Aboubakri et al.,
2019) and droughts (Keshavarz et al., 2013) have severe
implications on lives and livelihoods in this country.

Several studies have reported increasing trends in tem-
perature over Iran along with a decrease in rainfall  over
the  last  50  years  (Rahimzadeh  et  al.,  2009; Tabari  and
Talaee,  2011; Nazaripour  and  Daneshvar,  2014;
Ghasemi,  2015; Malekian  and  Kazemzadeh,  2016).  The
impact  of  this  climatic  change  has  affected  social  and
natural  systems  across  the  country.  For  example,  most
lakes in Iran are drying and the dry lakebeds cause sand
and  dust  storms  to  form  (Rashki  et  al.,  2013).  These  in
turn have negative impacts on human health and ecosys-
tems (Najafi et al., 2014; Moghim, 2018). There is a need
for  research  that  sheds  light  on  complex  nonlinear  pat-
terns of important climatic variables, such as air temper-
ature in order to develop effective mitigation and adapta-
tion strategies.

Several  studies on temperature trend analysis  for  Iran
have been conducted (Ghasemi and Khalili, 2006; Tabari
and  Talaee,  2011; Saboohi  et  al.,  2012; Kousari  et  al.,
2013; Ghasemi, 2015; Balling et al., 2016; Soltani et al.,
2016; Kazemzadeh  and  Malekian,  2018; Pour  et  al.,
2019; Doulabian et  al.,  2021).  Most  of  these  studies  are
concerned  with  detecting  or  estimating  linear  trends

(negative or positive) using ordinary least-squares (OLS)
linear regression models. Furthermore, the trend analysis
has focused on the magnitude of the trend’s slope to ad-
dress the question of how much the temperature trend in-
creased or decreased in any particular  study period.  The
trend  estimation  methods  chosen  in  these  studies  to  de-
termine  trend  direction  and  magnitude  are  either  para-
metric, such as student’s t-test, or non-parametric such as
the  Mann–Kendall  trend  test  (Mann,  1945; Kendall,
1948).

Long-term changes in climatic variables such as tem-
perature are not always linear and using traditional meth-
ods such as linear regression ignores their nonlinear and
nonstationary attributes (Ji et al., 2014). These hidden at-
tributes require more advanced methods that reveal their
exact nature and identify the cause of change. Here, lin-
ear  and  nonlinear  patterns  and  trends  in  air  temperature
time series in the different climate zones of Iran over the
last four decades (1978–2017) are analyzed. To do this, a
polynomial  fitting-based  scheme  called  Polytrend,  de-
veloped  by Jamali  et  al.  (2014),  was  applied  to  time
series of the monthly and annual mean (Tmean), maximum
(Tmax),  and  minimum (Tmin)  air  temperature  across  Iran.
The outputs of the analysis include trend types and trend
direction and enable the detection of spatiotemporal pat-
terns  of  temperature  over  four  decades  in  the  country’s
climate zones. 

2.    Materials and methods
 

2.1    Study area

Iran  is  located  in  the  southwest  of  Asia  and  situated
over  25°00´N–38°39´N,  and  44°00´–63°25´E  (Fig.  1).
According to  the  Extended De Martonne’s  climate  zone
classification  (Khalili,  1992),  the  hyper-arid,  arid,  semi-
arid, Mediterranean, and other humid climate zones cover
the  46.1%,  24.5%,  22.9%,  3.2%,  and  3.3%  of  Iran,  re-
spectively (Rahimi et al., 2013). Thus, the semi-arid and
arid climate zones cover most parts of the country, which
are  primarily  characterized  by  low rainfall  and  high  po-
tential evapotranspiration. The northern coastal and west-
ern parts of Iran have a humid climate while the east and
southeast  regions are arid and hyper-arid (Fig.  1).  Mean
annual  precipitation  is  250  mm  yr−1 (Eslamian  et  al.,
2009)  and  temperature  extremes  vary  between −20  and
 +50°C (Saboohi et al.,  2012). Iran has two main moun-
tain  ranges,  Alborz  in  the  north  and Zagros  in  the  west,
and their altitudes range from −26 to 5671 m above mean
sea level. This topography plays a substantial role in the
climate  of  Iran,  due  to  the  fact  that  they  affect  the  tem-
poral and spatial distribution of temperature, water vapor,
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and precipitation over the country. 

2.2    Data type and source

In  the  current  study,  47 synoptic  stations  are  selected
that  have  uniform  coverage  across  the  country  and  are
well-distributed  across  all  climate  zones  (Fig.  1 and
Table 1). These stations are chosen out of more than 200
stations over Iran because they had sufficient and accur-
ate long-term data for the country. The monthly meteoro-
logical data are acquired from the Islamic Republic of Iran
Meteorological Organization (IRIMO) for a 40-yr period
1978–2017.  Here,  both  monthly  (January  to  December)
and annual Tmean, Tmax,  and Tmin covering the 1833 time

series (3 × 12 × 47 = 1692 monthly and 3 × 47 = 141 an-
nual) are used. 

2.3    Methods
 

2.3.1    Data preprocessing
Tmean, Tmax,  and Tmin time  series  are  used  because

change in Tmean can be due to changes in Tmin or Tmax, or
due to changes in both (Del Río et al., 2007; Tabari and
Talaee, 2011; Ahmadi et al., 2018). Monthly data, separ-
ately for each month of the year are analyzed because us-
ing  the  composition  of  some months  as  a  seasonal  tem-
perature  time series  (e.g.,  combinations  such  as  Decem-
ber, January, and February for winter, etc.) may not show
intra-seasonal trends. For some cases, missing data in the
monthly time series (e.g., a missing month in a year) are
estimated by using the average of the preceding and suc-
ceeding months. The normality of the data is verified us-
ing  the  Kolmogorov–Smirnov  test  (Kolmogorov,  1933;
Smirnoff,  1939),  and  then  Polytrend  is  applied  to  the
verified time series. 

2.3.2    Trend detection and classification
Polytrend was applied to the monthly and annual time

series to analyze trends in air temperature. Polytrend was
developed by Jamali et al. (2014) for trend classification
and  the  specification  of  linear  and  nonlinear  patterns  in
time  series  data.  The  method  consists  of  a  three-phase
stage for detecting linear and nonlinear trends and classi-
fying  nonlinear  trends  into  quadratic,  cubic,  and  con-
cealed trend types (Fig.  2).  A concealed trend is nonlin-
ear  and  possesses  either  a  cubic  or  quadratic  trend  but

Table 1.   Characteristics of the synoptic stations and their climate zones used in this study
Station name Longitude (E) Latitude (N) Climate zone Station name Longitude (E) Latitude (N) Climate zone
Abadan 48°25´ 30°37´ Arid Khorramabad 48°28´ 33° 43´ Semi-arid
Abadeh 52°67´ 31°18´ Arid Khoy 44°97´ 38° 55´ Semi-arid
Arak 49°77´ 34°10´ Semi-arid Mashhad 59°63´ 36° 27´ Sub-arid
Ahwaz 48°67´ 31°33´ Arid Nowshahr 51°50´ 36° 65´ Very-humid
Ardebil 48°28´ 38°25´ Semi-arid Orumieh 45°08´ 37° 53´ Semi-arid
Bandar Abass 56°37´ 27°22´ Arid Ramsar 50°67´ 36° 90´ Very-humid
Bandar Lengeh 54°83´ 26°53´ Hyper-arid Rasht 49°65´ 37°20´ Very-humid
Bandar Anzali 49°47´ 37°47´ Humid Saghez 46°27´ 36°25´ Mediterranean
Bushehr 50°83´ 28°98´ Arid Sanandaj 47°00´ 35°33´ Semi-arid
Bam 58°35´ 29°10´ Hyper-arid Semnan 53°55´ 35°58´ Arid
Birjand 59°20´ 32°87´ Arid Sabzevar 57°72´ 36°20´ Arid
Bojnord 57°32´ 37°47´ Semi-arid Shahrood 54°95´ 36°42´ Arid
Babolsar 52°65´ 36°72´ Humid Shahrekord 50°85´ 32°28´ Semi-arid
Chabahar 60°62´ 25°28´ Hyper-arid Shiraz 52°60´ 29°53´ Semi-arid
Esfahan 51°67´ 32°62´ Arid Shargh Esfahan 51°87´ 32°67´ Hyper-arid
Fassa 53°68´ 28°97´ Semi-arid Torbate Heydarieh 59°22´ 35°27´ Semi-arid
Qazvin 50°05´ 36°25´ Semi-arid Tabriz 46°28´ 38°08´ Semi-arid
Gorgan 54°27´ 36°85´ Sub-humid Tehran 51°32´ 35°65´ Arid
Hamedan 48°53´ 34°87´ Semi-arid Tabas 56°92´ 33°60´ Arid
Iranshahr 60°70´ 27°20´ Hyper-arid Yazd 54°28´ 31°90´ Arid
Jazireh Kish 53°98´ 26°50´ Hyper-arid Zabol 61°48´ 31°03´ Arid
Kerman 56°97´ 30°25´ Arid Zanjan 48°48´ 36°68´ Semi-arid
Kashan 51°45´ 33°98´ Arid Zahedan 60°88´ 29°47´ Hyper-arid
Kermanshah 47°15´ 34°35´ Semi-arid
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Fig. 1.   Synoptic station distribution in the different climate zones of
Iran (Khalili, 1992; Rahimi et al., 2013).
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ax3+bx2+ cx+d

without net change in temperature from the beginning to
the end of the time series. The procedure starts by evalu-
ating  the  suitability  of  fitting  a  cubic  polynomial  model
(highest order polynomial is tested), testing the statistical
significance  of  the  fit  (in  which  the a coefficient  in

 passes a t-test  at α = 0.05),  and by ex-
amining the presence of two opposite bends (both a local
minimum and maximum) in the polynomial fitted model.
Then, a first-order polynomial model is fitted. If all these
criteria are met for the fitting of the cubic model and the
linear  slope  is  statistically  significant  (a in  the  expres-
sion ax + b), a cubic trend type is assigned. If at least one
of these tests  fails,  the procedure jumps to the quadratic
model,  the  next  lower  phase.  A similar  procedure is  ap-
plied  for  the  presence  and  testing  the  significance  of  a
quadratic trend, except that only one bend (maximum or
minimum)  is  sought.  The  temperature  time  series  is  as-
signed to the concealed trend category if the linear coef-
ficient is not statistically significant for time series with a
valid cubic or quadratic trend type. If all tests fail, in the
third phase, the suitability of a linear trend type is evalu-
ated through the fitting of a linear model to the monthly
and annual temperature time series. A linear trend type is
assigned if  the  linear  trend slope is  statistically  signific-
ant.  Time  series  with  neither  nonlinear  nor  linear  signi-

ficant trends are classified into a no-trend class. For more
details,  refer  to Jamali  et  al.  (2014).  In  the  temperature
time  series,  linear  changes  are  constant  over  time  but
nonlinear  changes  are  not  constant  and  can  show  inter-
decadal variation during the study period. 

2.3.3    Sensitivity of trend types to climate zones
The  climate  zone  map  of  Iran  proposed  by  Khalili  is

used  to  explore  the  relationship  between  climates  zones
of Iran with detected air temperature trend types and pat-
terns.  This  climate  classification  includes  seven  climate
zones:  semi-arid,  arid,  hyper-arid,  sub-humid,  humid,
very-humid, and Mediterranean over Iran (Fig. 1). Using
the  climate  zones  allows  for  the  comparison  results  for
trend  direction  and  trend  types  in  monthly  and  annual
Tmean, Tmax, and Tmin time series among different climate
zones. 

3.    Results
 

3.1    Spatial patterns and temporal trends in Tmean

Linear, quadratic, and cubic trend types in Tmean across
Iran are 56.5% (52.6% increasing and 3.9% decreasing),
13.1% (7.9% increasing and 5.2% decreasing), and 30.3%
(28.7%  increasing  and  1.6%  decreasing),  respectively
(Table 2). Figure 3 shows the distribution of trend signi-
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Fig. 2.   Flowchart of our methodology for analyzing trends in air temperature using Polytrend (Jamali et al., 2014; shown in the dashed box to
the right).
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ficance  in  monthly  and annual Tmean (Fig.  3a),  the  trend
direction (Fig.  3b),  and trend types (Fig.  3c)  detected in
different climate zones. The significant and non-signific-
ant trends in Tmean across all climate zones are 41.1% and
58.9%, respectively. For the significant trends, 36.5% are
increasing and 4.6% are decreasing over the studied period.
Majority of the significant trends are observed in the hu-
mid climate (65.3%) and Mediterranean (61.5%) climat-

ic  zones  (Fig.  3a).  Conversely,  lower  proportions  of  the
significant trends are in the sub-humid (23.1%) and semi-
arid  (37.0%)  climate  zones.  Most  of  the  climate  zones
have  an  increasing  trend  except  the  Mediterranean,
which  has  a  decreasing  trend  (Fig.  3b).  The  sub-humid
and very-humid climate  zones  have  the  highest  percent-
age for linear trend type with 100% and 83.3%, respect-
ively.  The  Mediterranean  climate  zone  has  the  highest

Table 2.   Percentage of significant increasing and decreasing trends for the linear and nonlinear classes in monthly and annual Tmean at different
climate zones (α = 0.05)

Linear Quadratic Cubic
Increasing Decreasing Increasing Decreasing Increasing Decreasing

Hyper-arid 58.3 0.0 2.8 2.8 33.3 2.8
Arid 55.2 4.6 6.9 1.1 32.2 0.0
Semi-arid 41.5 6.1 12.2 4.9 30.5 4.9
Mediterranean 0.0 12.5 0.0 87.5 0.0 0.0
Humid 64.7 0.0 11.8 0.0 23.5 0.0
Sub-humid 100.0 0.0 0.0 0.0 0.0 0.0
Very-humid 83.3 0.0 5.6 0.0 11.1 0.0
Entire country 52.6 3.9 7.9 5.2 28.7 1.6
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Fig. 3.   Distributions of (a) significant and non-significant trends, (b) significant increasing and decreasing trends, and (c) type of trends detec-
ted in monthly and annual Tmean time series in different climate zones over Iran.
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percentage  for  quadratic  type  of  trends  (87.5%)  and  the
least  percentage  for  linear  type  (12.5%).  The  majority
trend types in the hyper-arid, arid, and semi-arid climate
zones  are  linear  and  cubic  (Fig.  3c and Table  2).  Some
typical  temperature  time  series  (Tmean)  with  detected
trend types of cubic, cubic concealed, quadratic, quadrat-
ic concealed, linear, and no-trend are depicted in Fig. 4.

Temporal  distribution of  trend significance,  direction,
and types detected in monthly and annual  time series of
Tmean (1978–2017)  are  shown  in Fig.  5.  The  monthly
spider  chart  in Fig.  5a shows  that  the  significant  trends
are  mainly  in  March  (72.3%),  May  (70.2%),  and  June

(61.7%), while January (14.9%), April (19.1%), Novem-
ber (19.1%), and December (10.6%) have the least signi-
ficant  change.  Furthermore, Fig.  5b shows  that  all
months  except  November  have  a  significant  increasing
trend.  For  the  annual  data,  63.8% of  the  detected trends
in Tmean over the country are significant (59.6% increas-
ing and 4.2% decreasing). With regard to different trend
types  on  a  temporal  scale,  the  months  with  dominant
(>  70%)  linear  trends  in Tmean are  January,  May,  June,
July,  November,  and  December.  Conversely,  the  lowest
proportion of linear trends are in February, March, April,
and October (Fig.  5c).  Dominant  type of  trend observed
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Fig. 4.   Typical examples of Tmean time series with a detected trend type of (a, b) cubic, (c, d) cubic concealed, (e, f) quadratic, (g, h) quadratic
concealed, (i, j) linear, and (k) no-trend. The dashed lines in the concealed trends denote non-significant linear fits.

0

20

40

60

80

100
Jan

Feb

Mar

Apr

May

Jun

JulAug

Sep

Oct

Nov

Dec

Annual

Linear Quadratic Cubic

(c)

0

20

40

60

80

100
Jan

Feb

Mar

Apr

May

Jun

JulAug

Sep

Oct

Nov

Dec

Annual

Significant Non- significant

(a)

0

20

40

60

80

100
Jan

Feb

Mar

Apr

May

Jun

JulAug

Sep

Oct

Nov

Dec

Annual

Increasing Decreasing

(b)

 
Fig. 5.   Temporal distributions of (a) the significant and non-significant trends, (b) significant increasing and decreasing trends, (c) linear, quad-
ratic, and cubic trends in monthly and annual time series of Tmean.
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in  February  (63.6%),  March  (82.3%),  and  October
(65.2%) is cubic, while the quadratic trend type is lower
than 30% over the monthly and annual time series. In the
annual  time  series,  the  proportion  of  linear,  quadratic,
and  cubic  trend  types  are  respectively  43.3%  (only  in-
creasing), 16.7% (10% increasing and 6.7% decreasing),
and 40% (only increasing).

Figure 6 shows significant trend magnitudes of annual
Tmean ranged from –0.44 to +0.78°C decade−1. In average,
the  magnitude  of  annual Tmean has  increased  0.4°C dec-
ade−1 across  the  country.  The  highest  increasing  trend
magnitude  is  in  semi-arid  climate  (0.45°C  decade−1)
while  the  lowest  increasing  trend  magnitude  is  detected
in  very-humid  climate  (0.35°C  decade−1).  The  mag-
nitude  of  the  decreasing  trend  in  annual Tmean is  the
highest  in  the  Mediterranean  climate  with  −0.44°C dec-
ade−1. Moreover, linear trend type in annual Tmean has the
highest  increasing  magnitude  (0.47°C  decade−1)  com-
pared  to  quadratic  (0.33°C  decade−1)  and  cubic  types
(0.35°C decade−1) (Fig. 6). 

3.2    Spatial patterns and temporal trends in Tmax

Distributions of trend significance, direction, and type
in monthly and annual Tmax time series  for  different  cli-
mate zones are shown in Fig. 7. Of the trends detected in
monthly and annual Tmax time series, 34.1% are signific-
ant (32.6% increasing and 1.5% decreasing). The major-
ity of these are in semi-arid (43.9%) and arid (34.1%) cli-
mate zones, while the Mediterranean does not show any
significant trend (Fig. 7a). Distribution of direction of the
significant  trends  indicates  that  all  of  the  climate  zones
except the hyper-arid zone have more than 97% increas-
ing trends in Tmax (Fig. 7b).

As  with Tmean,  the  coverage  of  linear  trends  in Tmax

x̄
x̄

with  67.8%  (66.8%  increasing  and  1%  decreasing)  is
more than that for nonlinear quadratic 12.9% (12.5% in-
creasing  and  1.4% decreasing)  and  cubic  18.2% (16.3%
increasing  and  1.9%  decreasing)  (Table  3).  Regarding
spatial  distribution  of  trend  types  per  climate  zone,  lin-
ear  trends  dominate  the  humid  (100%),  very-humid
(84%),  and  sub-humid  (75%)  climate  zones  (Fig.  7c).
The  cubic  trend  type  is  present  in  hyper-arid,  arid,  and
semi-arid (  = ~22%) and the quadratic type is in all cli-
mate  zones  except  humid  and  the  Mediterranean  (  =
18%). Overall, Tmax shows higher proportions of increas-
ing  linear  trend  types  compared  to  nonlinear  cubic  and
quadric  trends  across  all  climate  zones  (Fig.  7c and
Table 3).

The spider charts in Fig. 8 show the temporal distribu-
tions of trend significance, direction, and type detected in
monthly and annual Tmax time series (1978–2017). More
than  50%  of  significant  trends  are  mostly  in  February,
March,  May,  and  annual  data,  while  non-significant
trends  are  observed  in  December  (Fig.  8a).  The  annual
time  series  of Tmax shows  72.3%  significant  trends
(70.2%  increasing  and  2.1%  decreasing),  and  all  the
monthly  time  series  have  increasing  trends  greater  than
85%  except  November  and  December  (Fig.  8b).  The
winter and spring months have the highest significant in-
creasing  trends  (January,  100%;  February,  100%;  and
March,  96%)  among  the  monthly  and  annual Tmax time
series.  The  trend type  classification  in  the  monthly  time
series reveals that the linear type is the dominant class in
almost  all  months  with  values  greater  than  50%  except
for December and March. Moreover, the cubic class has
the highest proportion of trend types in March (67%). In
the  annual  time  series,  most  of  the  trends  are  linear
52.9%  (increasing),  quadratic  26.5%  (increasing),  and
cubic  20.6%  (17.6%  increasing  and  2.9%  decreasing)
(Fig. 8c).

The magnitude of significant trends detected in the an-
nual Tmax across Iran varied from −0.66 to +0.72°C dec-
ade−1 with  a  mean increase  of  0.47°C decade−1 (Fig.  9).
The semi-arid climate (0.54°C decade−1)  has the highest
increasing  trend  magnitude  relative  to  other  climate
zones. Conversely, the magnitude of the decreasing trend
is  highest  in  the  hyper-arid  climate  with  −0.66°C
decade−1.  In  the  annual Tmax data,  the  cubic  trend  type
has the highest magnitude (0.52°C decade−1) compared to
linear  (0.47°C  decade−1)  and  quadratic  types  (0.41°C
decade−1), respectively. 

3.3    Spatial patterns and temporal trends in Tmin

Spatial  distributions  of  trend  significance,  direction,
and  type  in  the  monthly  and  annual Tmin time  series  for

!

!

#

#

#

!

!

$

#

!

!

!

!

#

#

!

#
$

$

#

$

#

!

#

#

!

#

#

!

$

0.4

0.5

0.4

0.2

0.43

0.62

0.43

0.44

0.58

0.38

0.42

0.35

0.37

0.21

0.32 0.78

0.37

0.54

0.43

0.26

0.38

0.36

0.39

0.46

0.43

0.42

0.24

0.22

−0.28

−0.44

Caspian Sea

Persian Gulf

Trend type

Linear

Quadratic

Cubic

Slope (°C decade−1)

Very humid

Humid

Sub humid

Mediterranean

Semi arid

Arid

Hyper arid

0 150 300 450 60075

km

Climate zones

25N

30N

35N

40N

45E 50E 55E 60E
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different climate zones are shown in Fig. 10. The trend in
monthly and annual Tmin time series showed significance
in  46%  of  the  data  points  (42.6%  increasing  and  3.4%
decreasing)  over  the  country  (Fig.  10a).  The  detected
trends  in Tmin are  mostly  in  the  hyper-arid  (61.5%),  hu-
mid  (73.1%),  and  very  humid  (56.4%)  climates  (Fig.
10a). More than 85% of detected trends in almost all cli-
mate  zones  are  increasing  except  in  the  Mediterranean
and sub-humid climate zones (Fig. 10b).

For all climate zones, 71.1% of the detected trends in
Tmin are  linear  (66.5% increasing  and  4.6% decreasing),

13.9%  are  quadratic  (11.4%  increasing  and  2.5%  de-
creasing),  and  14.9%  are  cubic  (14.6%  increasing  and
0.3%  decreasing).  The  sub-humid  climate  zone  has  the
highest  proportion  of  linear  trend  (100%)  while  the
Mediterranean has the lowest proportion (40%) (Fig. 10c
and Table  4).  Meanwhile,  the  majority  of  nonlinear
(quadratic) trends are in the Mediterranean climate relat-
ive to other climates zones (Table 4).

Temporal distributions of trend significance, direction,
and  type  in  monthly  and  annual  time  series  of Tmin are
given in Fig. 11. The results reveal that most of the signi-

Table 3.   As in Table 2, but for Tmax

Linear Quadratic Cubic
Increasing Decreasing Increasing Decreasing Increasing Decreasing

Arid 73.2 0.0 7.0 0.0 19.7 0.0
Semi-arid 63.9 2.1 15.5 0.0 18.6 0.0
Hyper-arid 45.5 0.0 13.6 13.6 9.1 18.2
Humid 100.0 0.0 0.0 0.0 0.0 0.0
Mediterranean 0.0 0.0 0.0 0.0 0.0 0.0
Sub-humid 75.0 0.0 25.0 0.0 0.0 0.0
Very-humid 84.6 0.0 15.4 0.0 0.0 0.0
Entire country 66.8 1 12.5 1.4 16.3 1.9

0 20 40 60 80 100

Percent (%)

(a) (b)

(c)

0

20

40

60

80

100

H
y
p
er

-a
ri

d

H
y
p
er

-a
ri

d

A
ri

d

S
em

i-
ar

id

M
ed

it
er

ra
n
ea

n

H
u
m

id

S
u
b
-h

u
m

id

V
er

y
-h

u
m

id

P
er

ce
n
t 

(%
)

0

20

40

60

80

100

P
er

ce
n
t 

(%
)

Non-significant Significant

A
ri

d

S
em

i-
ar

id

M
ed

it
er

ra
n
ea

n

H
u
m

id

S
u
b
-h

u
m

id

V
er

y
-h

u
m

id

Decreasing Increasing

45.45

73.24

65.98

100.00

75.00

84.62

27.27

7.04

15.46

0.00

25.00

15.38

27.27

19.72

18.56

0.00

0.00

0.00

Hyper-arid

Arid

Semi-arid

Humid

Sub-humid

Very-humid

Linear Quadratic Cubic

 
Fig. 7.   As in Fig. 3, but for Tmax.
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ficant trends are in January (78.7%) and June (89.4%) in
contrast  to  February  (27.7%),  March  (17%),  May
(25.5%),  and  December  (14.8%)  with  non-significant
trends  (Fig.  11a).  The  increasing  trends  in Tmin are  in
more than 75% of  data  points  in  the  annual  aggregation
and across all months except December (Fig. 11b). In ad-
dition,  the  majority  of  increasing  trends  in Tmin are  ob-
served in the spring and summer months rather than au-
tumn  and  winter.  For  the  annual Tmin time  series,  17%
(12.7% increasing and 4.3% decreasing) of the observed
trends are significant over the country (Fig. 11b).

With  regard  to  different  trend  types  detected  in Tmin,
almost  all  months  and  the  annual  time  series  follow the
linear trend type except March and December that show
cubic and quadratic  trends,  respectively.  In the Tmin,  an-
nual  time series,  we only find the linear  trend type with
100%  (75%  increasing  and  25%  decreasing)  (Fig.  11c).
The  dominant  trend  types  detected  in  March  (50%)  and
December  (42.9%) are  cubic  and quadratic,  respectively
(Fig. 11c).

Figure  12 shows  the  magnitude  of  trends  in  annual

Tmin varying  from  –0.55  to  +1.19°C  decade−1 with  a
mean  increase  of  0.47°C  decade−1.  The  hyper-arid  cli-
mate  has  the  highest  increasing  trend  magnitude  with
0.95°C  decade−1.  In  contrast,  the  magnitude  of  the  de-
creasing  trend  is  highest  in  the  sub-humid  climate  with
−0.69°C decade−1.  As  mentioned above,  the  annual Tmin
has only linear trend type with increasing and decreasing
magnitudes  of  0.83  and  −0.62°C  decade−1,  respectively
(Fig. 12). 

4.    Discussion
 

4.1    Trends in Tmean, Tmax, and Tmin

x̄
x̄

Our findings indicate that Tmin has the largest relative
proportion  of  significant  trends  across  the  country  fol-
lowed  by Tmean and Tmax.  The  proportion  of  increasing
trends  is  also  found to  be  greatest  for Tmin and  least  for
Tmax.  The  highest  magnitude  of  increasing  trends  is  ob-
served in the annual Tmin (0.47°C decade−1) and the low-
est  magnitude  is  for  the  annual Tmax (0.4°C  decade−1).
Across  the  country,  increasing  trends  (  =  37.2%)  have
higher  spatial  coverage  than  the  decreasing  trends  (  =
3.2%).  Our findings are in  agreement  with Soltani  et  al.
(2016), Tabari  and  Talaee  (2011),  and Duhan  et  al.
(2013),  which  increasing  trends  in Tmin over  Iran  were
higher than Tmax. They suggested that the warming trend
of Tmean in  Iran  occurred  mostly  due  to  the  increase  in
Tmin rather than Tmax during the past decades. Wang et al.
(2018) found  a  similar  pattern  over  China  where Tmin
warmed  at  a  higher  magnitude  than Tmax in  the  recent
decades.  This  could  confirm  the  greenhouse  gas  effects
or aerosols on the raised Tmin by changing longwave radi-
ation  fluxes  (Stjern  et  al.,  2020).  The  increase  in Tmin
may  be  linked  to  polluted  and  saturated  air  in  the  early
morning  (Tabari  and  Talaee,  2011)  resulting  from  tem-
perature  inversion  and  stable  weather  conditions  in  in-
dustrialized  regions  (Türkes  et  al.,  1996; Bani-Domi,
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Fig. 8.   As in Fig. 5, but for Tmax.
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2005; Tabari and Talaee, 2011). As Iran is rapidly devel-
oping, land-use change can also contribute to increases in
both Tmax and Tmin due to urbanization, industrialization,
land  conversion,  and  land  abandonment  (Kousari  et  al.,
2013; Qiu et al., 2016). Land-use can change the temper-
ature  of  the  land  surface,  and  as  a  result,  influence  air
temperature  as  the  two  are  tightly  coupled  (Gallo  et  al.,
2011).

Climate change leads to increased temperature variab-
ility  and  change  in  temperature  extremes  such  as Tmax
and Tmin (IPCC,  2013; Ma et  al.,  2015),  while Tmean in-
creases gradually in response (Matiu et al.,  2016). Some
earlier studies only investigated one variable of temperat-

ure  time  series  (i.e., Tmean, Tmax,  or Tmin).  For  example,
Ageena et al. (2013) reported significant warming in Tmin
over the last 32 years in Libya. Our analysis of the three
temperature  variables  indicates  that  they  have  changed
asymmetrically over the past four decades. 

4.2    Spatial patterns

Areas with warming trends in annual Tmean are mainly
located in the north and northwestern parts of Iran. While
the majority of  stations located in the central  and north-
eastern corner of the country have more increasing trends
in annual Tmax instead. These findings are consistent with
the results of Saboohi et al. (2012) and Fallah-Ghalhari et

Table 4.   As in Table 2, but for Tmin

Climate zones Linear Quadratic Cubic
Increasing Decreasing Increasing Decreasing Increasing Decreasing

Hyper-arid 0.0 69.6 0.0 12.5 0.0 17.9
Arid 3.2 68.4 0.0 10.5 0.0 17.9
Semi-arid 6.3 62.0 5.1 13.9 1.3 11.4
Mediterranean 20.0 20.0 60.0 0.0 0.0 0.0
Humid 0.0 84.2 0.0 5.3 0.0 10.5
Sub-humid 80.0 20.0 0.0 0.0 0.0 0.0
Very-humid 0.0 72.7 0.0 13.6 0.0 13.6
Entire country 4.6 66.5 2.5 11.4 14.6 0.3

0 20 40 60 80 100

Percent (%)

(c)

(a) (b)

P
er

ce
n
t 

(%
)

Non-significant Significant

0

20

40

60

80

100

H
y
p
er

-a
ri

d

A
ri

d

S
em

i-
ar

id

M
ed

it
er

ra
n
ea

n

H
u
m

id

S
u
b
-h

u
m

id

V
er

y
-h

u
m

id

P
er

ce
n
t 

(%
)

0

20

40

60

80

100

H
y
p
er

-a
ri

d

A
ri

d

S
em

i-
ar

id

M
ed

it
er

ra
n
ea

n

H
u
m

id

S
u
b
-h

u
m

id

V
er

y
-h

u
m

id

Decreasing Increasing

69.6

71.6

68.4

40.0

84.2

100.0

72.7

12.5

10.5

19.0

60.0

5.3

0.0

13.6

17.9

17.9

12.7

0.0

10.5

0.0

13.6

Hyper-arid

Arid

Semi-arid

Mediterranean

Humid

Sub-humid

Very-humid

Linear Quadratic Cubic

 
Fig. 10.   As in Fig. 3, but for Tmin.
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al. (2019) that reported western and northwestern parts of
Iran experienced significant warming trends. Most of the
regions  located  along  the  southern  Caspian  Sea  coast
have  experienced  positive  trends  in  all  annual Tmean,
Tmax,  and Tmin time  series.  This  indicates  that  the  low-
lands  with  warmer  climates,  such  as  central  and  eastern
regions,  are  warming  at  a  higher  rate  than  mountainous
regions  with  colder  climates  that  are  mostly  situated  in
western and northwestern parts of the country. These res-
ults  echo  the  findings  of Tabari  and  Talaee  (2011),
Kousari  et  al.  (2013),  and Ghasemi  (2015) that  Iranian
lowlands  are  warming  faster  than  the  highlands.  Uncer-
tainties in distinguishing the effects of anthropogenic and
natural factors on temperature change hinder robust iden-
tification  of  the  response  of  the  temperature  to  different
forcings  (IPCC,  2018).  There  are  reports  of  no  detect-
able  spatial  pattern  in  the  temperature  trend  over  Iran
(Ghahraman,  2006; Saboohi  et  al.,  2012; Kousari  et  al.,
2013).  However,  this  could  be  due  a  result  of  simple
trend detection methods  that  do not  take  into  considera-
tion the temporal nonlinearity of the trends. 

4.3    Temporal trends

At  monthly  scale,  our  findings  indicate  that  the  in-
creasing  trends  in Tmean and Tmax are  mainly  in  March
and May, while they exhibit the least significant trends in
November and December. In Tmin, the highest proportion
of  increasing  significant  trends  is  in  January  and  June
while the lowest proportion is in December. Here, in gen-
eral, the monthly Tmean and Tmax time series indicate that
the increasing trends are mainly in spring months where-
as decreasing trends are in the autumn months. However,
using Tmin time series,  we  find  increasing  trends  mainly
in the spring and summer months rather than the autumn
and  winter  months.  This  is  in  line  with  the  finding  of
Ghasemi  (2015) who  demonstrated  that  warming  trends
over  Iran  occurred  mostly  in  summer  and  spring  than
winter  and  autumn.  Also, Daneshvar  et  al.  (2019) re-
vealed  that  minimum  and  maximum  temperatures  over
Iran mostly increased in summer periods. Similarly, Co-
hen et al. (2012) reported increasing global air temperat-
ure  trends  across  all  seasons  apart  from  winter  and  that
this  phenomenon  is  seasonal.  Extreme  temperature  in-
creases  over  Iran  in  the  spring  could  have  a  significant
impact on the irrigated crop yields in the growing season.
Studies have reported that an increase in springtime tem-
perature  negatively  affects  tillering and germination and
led to the loss of wheat yield (Soureshjani et al., 2019).

Our results are in agreement with Ahmadi et al. (2018)
who found that 62% of all stations in Iran experienced an
increasing trend in annual temperature between 1961 and
2010.  Another analysis,  by Saboohi et  al.  (2012),  of  an-
nual Tmean, Tmax,  and Tmin time series  between 1951 and
2007 produced significant trends in 71%, 66%, and 40%
of their stations, respectively. However, in contrast to our
findings,  they  specified  that  the  significant  increasing
trends of Tmean and Tmax were much more than Tmin.  Im-
portantly,  the  magnitude  of  increasing  trends  in  annual
temperature time series was higher than decreasing ones.
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Fig. 11.   As in Fig. 5, but for Tmin.
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This  means  that  almost  all  the  significant  temperature
trends  over  Iran  have  been  increasing  over  the  last  40
years.  This  is  in  agreement  with  other  studies  that  have
analyzed trends at regional, continental, and global scales
(Qu  et  al.,  2014; Dashkhuu  et  al.,  2015; Matiu  et  al.,
2016; Mohorji et al., 2017; Rahmstorf et al., 2017; Yu et
al., 2019). 

4.4    Climate zones

Regarding  the  magnitude  and  direction  of  the  trends
detected  in  the  different  climate  zones,  our  findings  in-
dicate  that  there  is  an  increasing  trend  in  the Tmean,
Tmax, and Tmin time series in almost all climate zones ex-
cept the Mediterranean zone, which mainly have decreas-
ing  trends. Tabari  and  Talaee  (2011), Kousari  et  al.
(2013),  and Ahmadi  et  al.  (2018) reported  that  the  tem-
perature had warming trends over the country except for
some stations (Saghez and Shahrekord stations) with de-
creasing  trends  located  in  the  Mediterranean  climate
zone. The majority of the significant trends are found for
Tmean and Tmin in humid zone, followed by the areas that
showed more  significant  trends  of Tmax located  in  semi-
arid  and  arid  zones.  Based  on  the  climate  zones  in  the
country, north and northwestern Iran have the humid cli-
mate. Thus, significant changes in Tmin are in agreement
with  the  findings  of Fathian  et  al.  (2020) that  reported
that  higher  warming  in Tmin was  observed  in  north  and
northwestern  Iran.  In  contrast,  mostly  non-significant
trends  for Tmean and Tmax were  evident  in  the  Mediter-
ranean  zone  and  for Tmin in  the  semi-arid  climate  zone.
The  strongest  warming  trends  in  annual Tmean and Tmax
were  more  conspicuous  in  semi-arid  climates  with  0.45
and  0.54°C  decade−1,  respectively. Karandish  et  al.
(2017) reported  similar  results  for  Iran  and  the  highest
warming  in  annual Tmax were  observed  in  semi-arid  cli-
matic  zones.  While  for  annual Tmin,  the  hyper-arid  cli-
mate  zone  had  the  highest  increasing  trend  magnitude
with  0.95°C  decade−1.  Essentially,  annual Tmin has  the
strongest warming in hyper-arid and very-humid climate
zones compared to other climate zones. Furthermore, our
findings of trend detection were aligned with Geng et al.
(2016) who  reported  the  temperature  variables  (Tmean,
Tmax,  and Tmin)  have  significant  warming  trends  in  arid
areas  of  China.  Additionally,  the  strong  warming  trends
observed  in  annual Tmean and Tmax in  semi-arid  climate
are  consistent  with  the  finding  of Huang  et  al.  (2012)
who reported the enhanced global semi-arid warming im-
plies  drier  and  warmer  trends  for  these  regions.  Gener-
ally,  all  temperature  variables  have increased during the
last  40 years,  but the rate of this warming is  asymmetry
in  the  different  climates  and  regions  (Karl  et  al.,  1993;

Cox et al., 2020). 

4.5    Linear and nonlinear trends

x̄
x̄

Most of the temperature time series have a greater pro-
portion of linear change (  = 65.1%) compared to nonlin-
ear change (  = 17.2%) across Iran. This is probably be-
cause global air temperature response is near-linear to cu-
mulative  atmospheric  CO2 emissions  (Collins  et  al.,
2013; Leduc  et  al.,  2015).  Importantly,  our  findings  re-
veal  that  the  linear  trends  are  mostly  in  humid,  sub-hu-
mid, and very-humid climate zones, and nonlinear trends
are  mainly  in  the  Mediterranean,  hyper-arid,  semi-arid,
and  arid  climate  zones.  It  is  clear  that  air  temperature
series in arid climates are highly variable due to the low
amount of humidity and precipitation and with higher in-
terannual  variability.  In  contrast,  air  temperature  in  the
humid  climate  is  less  varied  relative  to  the  arid  climate
zone.  This  could  explain  the  linear  changes  observed  in
the temperature time series in the humid climate, particu-
larly in northern and western parts of Iran. Moreover, the
high  temperature  variability  in  the  arid  zone  may  cause
nonlinear  changes  in  this  region.  In  moisture-limited re-
gions,  increased warming is  linked to  drying and reduc-
tion  in  the  latent  heat  relative  to  sensible  heat  (King,
2019). This is due to the fact that soil moisture limits lat-
ent  heat  flux  in  these  regions  (Gentine  et  al.,  2007)  and
changes  in  moisture  availability  alter  the  balance  of  en-
ergy fluxes leading to nonlinearities.

One  of  the  most  important  reasons  for  the  linear  and
gradual  increase  observed  in  temperature  time  series  is
suburban land use change such as conversion of agricul-
tural  areas  to  residential  zones  within  the  different  cli-
mate zones of Iran. Land use change is generally a slow
process and does not cause an abrupt change in the tem-
perature  time  series  (Ghahraman,  2006)  leading  to  non-
linear  trend  behavior.  Moreover,  linear  and  nonlinear
changes  may  be  associated  with  several  other  phenom-
ena over the country such as Arctic Oscillation (Ghasemi
and  Khalili,  2006; Saboohi  et  al.,  2012),  the  El  Niño−
Southerm Oscillation  (Pour  et  al.,  2019),  increased  con-
centrations of anthropogenic greenhouse gases, aerosols,
and cloud cover  (Smadi,  2006; Feizi  et  al.,  2014),  rapid
industrialization,  and  land  use  change  (Khattak  et  al.,
2011; Mullick et al., 2019).

The highest rates of warming are in linear changes of
annual Tmean (0.46°C  decade−1)  and Tmin (0.83°C
decade−1) over the country. In contrast, the highest rate of
warming  in  annual Tmax is  detected  in  cubic  type  with
0.52°C  decade−1.  Thus,  linear  trend  type  in  annual Tmin
demonstrate  a  higher  magnitude  compared  to  annual
Tmean and Tmax.  The results  indicate that  the temperature
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response to warming is linear in most parts of the coun-
try  but  some areas  have  experienced nonlinear  warming
changes, especially for Tmax. The drivers of local nonlin-
ear  changes  (quadratic  and  cubic)  may  be  due  to  the
changes  in  other  atmospheric  variables  (King  et  al.,
2018),  surface  snow/ice  cover,  and  evapotranspiration
(Good  et  al.,  2015),  changes  in  anthropogenic  aerosols
(King et al., 2018), land cover/land use change, and total
cloudiness  (El  Kenawy et  al.,  2019). Good et  al.  (2015)
have  also  demonstrated  nonlinearities  in  warming  at  re-
gional  and  local  scales  that  are  associated  with  acceler-
ated atmospheric CO2 concentration over more lands loc-
ations on the globe. However, it seems that changing air
temperature  linearly  and  nonlinearly  resulted  from  a
combination of atmospheric and land system factors. 

4.6    Limitations

Although the temperature data of ground-based synop-
tic stations can be defined as a high-quality dataset in the
country, there are limitations and uncertainties about ex-
tending station-based results across a large country such
as Iran. The sparse spatial distribution of stations in some
regions  of  the  country  is  a  limitation  in  our  study.  Spa-
tially  aggregated  temperature  datasets  are  generally  pre-
ferred in  order  to  decrease uncertainties  in  station-based
time series. Importantly, the methodology employed here
does not consider breakpoints in temperature time series,
and nonlinear changes seem to be prone to having abrupt
changes and breakpoints. Thus, considering abrupt changes
in  nonlinear  trends  may  provide  more  detailed  informa-
tion  on  breakpoints  within  temperature  data  that  could
signify important biophysical processes. 

5.    Conclusions

A polynomial fitting scheme (Polytrend) is applied for
monthly and annual mean (Tmean),  maximum (Tmax),  and
minimum (Tmin) air temperatures time series over Iran for
the  last  40  years  (1978–2017).  In  addition  to  detecting
trends, Polytrend can classify them into classes of linear
and  nonlinear  (quadratic  and  cubic)  types.  The  signific-
ant (non-significant) trends in Tmean, Tmax, and Tmin across
all climate zones are 41.1% (58.9%), 34.1% (65.9%), and
46%  (54%),  respectively.  The  results  indicate  that  air
temperature  has  considerably increased over  Iran during
the last 40 years and that the linear trend type is predom-
inant  across  the  country.  Linear  trends  have  the  highest
warming rate in annual Tmin (0.83°C decade−1) and Tmean
(0.46°C  decade−1)  whereas  nonlinear  trends  have  the
highest  warming  rate  in  annual Tmax (0.52°C  decade−1).
The  majority  of  linear  trends  are  observed  in  more  hu-

mid  zones  while  nonlinear  trends  (quadratic  and  cubic)
are mainly detected in more arid zones. Furthermore, our
results indicate that air temperature has changed linearly
rather  than  nonlinearly  during  1978–2017.  Polytrend
provides  more  comprehensive  information  about  the
trend (i.e., direction, magnitude, types, and linear/nonlin-
ear  patterns)  in  the  monthly  and  annual  data  series.  Fi-
nally,  due  to  fact  that  the  Polytrend  provides  additional
information about trend types and patterns, this methodo-
logy is suggested for application to future trends studies. 
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