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Abstract This study was undertaken to investigate the refer-
ence evapotranspiration (ET0) changes in semi-arid and hu-
mid regions of Iran during the past (1966–2010) and future
(2011–2099). For detecting possible trend in ET0 over 1966–
2010, the Mann–Kendall trend test was employed. The out-
puts of Hadley Centre coupled model version 3 (HadCM3)
and the third generation couple global climate model
(CGCM3) under A2, B2, and A1B emission scenarios were
also used to simulate the future ET0 changes by statistical
downscaling model (SDSM). The results indicated upward
trends in annual ET0 during 1966–2010 in the most sites.
Furthermore, the significant increasing ET0 trends were iden-
tified for 54.5, 18.2, 27.3, 22.7, and 36.3% of studied locations
during winter, spring, summer, autumn, and entire year, re-
spectively. Positive trends in ET0 were mostly found in north-
east, west, and northwest Iran, and insignificant downward
ET0 trends were primarily detected in southwestern and south-
ern stations in 1966–2010. The ET0 changes were attributed to
wind speed changes in semi-arid regions and mean tempera-
ture changes in humid areas in the past period. An increase in
ET0 was projected under all scenarios due mainly to temper-
ature rise and declined relative humidity in the investigated
regions from 2011 to 2100. Averaged over all stations, the
lowest and highest ET0 increment were, respectively, modeled

for autumn and summer using CGCM3 outputs and winter
and autumn using HadCM3 outputs. Given significant ET0
increase over the twenty-first century, appropriate adaptive
measures are required to reduce negative impacts of climate
change on water resources and agricultural productions.

1 Introduction

Since preindustrial period, increasing atmospheric concentrations
of greenhouse gases (GHGs) and aerosols due primarily to fossil
fuel overuse, land use/cover changes, and agricultural activities
have triggered anthropogenic climate change (CC) and warming
(IPCC 2013). Global climatic change impacts on atmospheric
variables such as rainfall and temperature considerably affect
the global mass and energy flux, e.g., the carbon cycle
(Sarmiento et al. 1998) and the water cycle (Held and Soden
2006). Evapotranspiration which dominantly controls energy
and mass transfers through interfaces of the soil–plant–atmo-
sphere continuum (SPAC) plays key roles in the water and ener-
gy cycles (Seneviratne et al. 2010). Due to considerable com-
plexities of measuring water flux through plants, crop evapo-
transpiration is mostly estimated based on reference crop evapo-
transpiration (Kite and Droogers 2000; Xie and Zhu 2013).
Reference crop evapotranspiration, ET0, as defined by Allen
et al. (1998) is the rate of evapotranspiration from a hypothetical
reference crop which has an assumed height of 12 cm, a fixed
surface resistance of 70 s m−1, and an albedo of 0.23, mightily
resembling evapotranspiration from an extensive surface of green
grass with uniform height, actively growing, well-watered, and
completely shading the ground. ET0 expresses evaporative pow-
er of the atmosphere without being conditioned by soil physical
condition and water availability. ET0 is of great importance in
estimating crop water requirement and scheduling, planning, and
managing irrigation systems (Godfray et al. 2010; Homaee et al.
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2002a; Homaee et al. 2002b; Irmak et al. 2006). Therefore, the
changes of ET0 considerably influence crop water requirement
and consequently water resource management. Furthermore, in-
creased ET0 as a result of global warming can result in long-term
meteorological droughts and finally enhance the aridity particu-
larly in vulnerable ecosystems such asmarginal semi-arid regions
(Rahimi et al. 2013; Wang et al. 2015; Zarghami et al. 2011).
Assessing the ET0 changes can clearly reflect climatic changes in
a given area (Wang et al. 2015; Wang et al. 2013).

In recent years, coupled Atmosphere–Ocean General
Circulation Models (AOGCMs) have become an effective
tool for investigating future impacts of CC on the hydrological
cycle components. However, their coarse spatial resolution
and inability to represent subgrid-scale features such as topog-
raphy, clouds, and land use still remain serious challenges for
studying potential impacts of CC (Fowler et al. 2007).
Hitherto, two main downscaling methods, i.e., statistical and
dynamical, have been emerged to relate coarse-scale GCM
outputs to local-scale atmospheric variables (Wilby et al.
2002). Being low-cost, mostly freely available, and simple,
the statistical methods have been applied extensively world-
wide (Wilby et al. 2002). Among all statistical methods, sta-
tistical downscaling model (SDSM) has been broadly used for
simulating and downscaling a wide range of climatic variables
and extremes (Wilby and Dawson 2013; Wilby et al. 2014).
Evaporation and evapotranspiration have been also down-
scaled and projected by SDSM (Wilby et al. 2014). Wang
et al. (2013) projected the ET0 changes by SDSM across the
Tibetan plateau for the period 2011–2099. Their results
showed considerable increments in projected annual and sea-
sonal ET0 under all scenarios over the plateau in the twenty-
first century. Li et al. (2012) reported that ET0 in the Loess
plateau (northern China) will increase by about 4, 7, and 12%
during the 2020s (2011–2040), the 2050s (2041–2070), and
the 2080s (2071–2099), respectively. Xu et al. (2014) found
an upward trend for annual ET0 due mainly to changes in solar
radiation, relative humidity, and minimum temperature in
Zhejiang Province, East China, during the early twenty-first
century (i.e., 2011–2040). They also pointed out that predicted
seasonal and annual ET0 changes varied significantly. Further,
Liu et al. (2017) reported an increment in ET0 during 2015–
2099 as a result of reduction in relative humidity and increase
of solar radiation in the Huang-Huai-Hai Plain, China, where-
as a downward trend in annual ET0 was detected for the last
five decades. An increase in ET0 and ETc (actual crop evapo-
transpiration or crop water requirement) and irrigation de-
mand was projected by Zamani et al. (2016) over 2025–
2054 for Ramhormoz Plain, a small region located in south-
west Iran. Wilby and Harris (2006) also found that the ET0

increment would occur continuously during the twenty-first
century in the Thames River basin, UK. Yang et al. (2012)
reported around 40% increase and 30% decrease of extreme
pan evaporation during summer and winter, respectively, by

using SDSM in the 2071–2100 under A2 scenario over the
Dongjiang River basin, China. Chu et al. (2010) also projected
negligible change in pan evaporation using SDSM over 2011–
2040 in the Haihe River basin, China.

Iran is located in the Middle East, and its climate is pre-
dominantly semi-arid and arid (Bannayan et al. 2010). Long-
term trend analyses of precipitation (Golian et al. 2015) and
temperature (Tabari and Hosseinzadeh Talaee 2011) over Iran
indicate that the climate is changing rapidly in the country.
Natural resources in semi-arid and humid regions of Iran due
to CC and growing population are under significant pressure.
Despite a number of studies addressing the spatiotemporal
trend of ET0 over Iran during the past 50 years (Dinpashoh
et al. 2011; Hosseinzadeh Talaee et al. 2014; Kousari and
Ahani 2012; Nouri et al. 2017a), no investigation has been
conducted to project the future ET0 variations due to CC using
statistical downscaling scheme. Therefore, the aims of this
study are (i) to analyze spatiotemporal trend of annual and
seasonal ET0 in humid and semi-arid regions of Iran over
the period of 1966–2010 and (ii) to project spatiotemporal
changes in annual and seasonal ET0 during three 30-year time
periods, i.e., the 2020s (2011–2040), the 2050s (2041–2070),
and the 2080s (2071–2099) using statistical downscaling.

2 Materials and methods

2.1 Study area

Iran, as the main part of the Iranian Plateau, is located in south-
west Asia forming a connection among Asia, Europe, and Africa
continents. The Alborz in north and the Zagros in west are the
most important mountain ranges of the country and are respon-
sible for nonuniform distribution of humidity and precipitation
leading to different climatic conditions. Rain-producing air
masses predominantly enter from west and northwest of country
and cause above-average precipitation in western half of Iran
owing to the Zagros mountain chain geographical location
(Sadeghi et al. 2002). The Alborz mountain range in northern
Iran also acts as a long barrier blocking rain-producing systems
flowing from the Caspian Sea to north of the country.
Consequently, semi-arid Mediterranean climate mostly domi-
nants in west and northwest, and humid and subhumid climates
prevail in northern Iran. Since this investigation focuses on Iran
semi-arid and humid regions, the study area contains north,
northeast, and western half of Iran. The location of studied sites
is presented in Fig. 1.

2.2 Data

Daily meteorological data of 22 stations (Fig. 1) were obtained
from Iran Meteorological Organization (IRIMO) for the peri-
od 1966–2010 to estimate ET0 based on Penman–Monteith
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FAO-56 (PMF-56) method. Geographic and climatic
characteristics of all stations are given in Table 1. The
dryness degree of climate at the surveyed stations was
determined using UNEP (1997) aridity index:

AI ¼ P
ET0

ð1Þ

where AI, P, and ET0 are annual aridity index, precipitation
(mm), and reference evapotranspiration (mm) (estimated
based on the PMF-56 equation), respectively.

Regions with AI larger than 0.2 and 1.0 are classified as
semi-arid and humid areas, respectively.

The observed coarse-resolution atmospheric variables (in-
cluding 26 sets of data for each GCM), as the predictors, were
derived from the National Centers for Environmental
Prediction and National Center for Atmospheric Research
(NCEP/NCAR) reanalysis dataset to calibrate and validate
SDSM (Kistler et al. 2001). In addition, the outputs of the
third version of Hadley Center coupled model (HadCM3)
and the third generation of the coupled Canadian global cli-
mate model (CGCM3) were used to project future changes in
ET0. Figure 2 depicts CGCM3 and HadCM3 grid points ob-
tained from the Canadian Climate Change Scenarios Network
(CCCSN) (http://www.cccsn.ec.gc.ca) over Iran. The IPCC
emission scenarios applied in this study were A2, B2, and
A1B. In this study, the scenarios considered for CGCM3
were A2 (CG3A2) and A1B (CG3A1B) and for HadCM3
model were A2 (HadA2) and B2 (HadB2).

2.3 The Penman–Monteith FAO-56 model

The most recommended form of PMF-56 was used in this
study to determine reference crop evapotranspiration:

ET0 ¼
0:408Δ Rn−Gð Þ þ γ

900

Tmean þ 273
U es−eað Þ

Δþ γ 1þ 0:34Uð Þ ð2Þ

where ET0 is the reference crop evapotranspiration
(mm day−1),Δ is the slope of saturation vapor pressure curve
(kPa °C−1), Rn is the net radiation at the reference crop surface
(MJm−2 day−1),G is the soil heat flux density (MJm−2 day−1),
Tmean is the mean daily air temperature at 2-m height (°C),U is
the daily average wind speed at 2-m height (m s−1), es is the
saturation vapor pressure (kPa), ea is the actual vapor pressure
(kPa), es− ea is the saturation vapor pressure deficit (kPa), and
γ represents the psychrometric constant (kPa °C−1).

Since at some stations, sunshine duration data have been
lacking or of poor quality (mainly for 1979–1982), the miss-
ing data were handled using the Hargreaves’ radiation model
(Allen et al. 1998):

SR ¼ KrsRa Tmax−Tminð Þ0:5 ð3Þ

where SR and Ra are the solar radiation and extraterrestrial
radiation (MJ m−2 day−1), Tmax and Tmin are the maximum
and minimum daily air temperature (°C), and Krs represents
an empirical coefficient which in interior and coastal regions
is approximately equal to 0.16 and 0.19, respectively (°C−0.5).

2.4 Trend analysis

Nonparametric rank-based Mann–Kendall trend test was ap-
plied to temporally detect significant ET0 variations. The
Mann–Kendall test statistics is calculated by Yue et al. (2002):

S ¼ ∑
n−1

k¼1
∑
n

j¼kþ1
sign x j−xk

� � ð4Þ

sign x j−xk
� � ¼ 1

0
−1

x j−xk
� �

> 0
x j−xk
� � ¼ 0
x j−xk
� �

< 0

8<
: ð5Þ

Var Sð Þ ¼ n n−1ð Þ 2nþ 5ð Þ½ �− ∑
m

i¼1
ti ti−1ð Þ 2ti þ 5ð Þ

� �� �.
18

ð6Þ

where S represents the Mann–Kendall statistics, n denotes
data set length, xj and xk are the sequential data values, ti is
the number of ties of extent i, and m is the number of the tied
groups.

The standardized Mann–Kendall test statistics (Z) which
follows standard Gaussian distribution is then determined by

Z ¼
S−1½ �

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þ

p
0
S þ 1½ �

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þ

p
S > 0
S ¼ 0
S < 0

8><
>: ð7Þ

Fig. 1 The location of the investigated sites
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To calculate the relative changes of ET0 during 1966–2010,
the following equation was used:

RC ¼ 100
nQ

x
			 			 ð8Þ

Q ¼ Median xi−x j
� �.

ti−t j
� �h i

for i ¼ 1;…; n ð9Þ

where RC is relative change (%), n denotes the data set record
length, Q represents the Sen’s slope estimator (Sen 1968), x is
the average value of time series, and xi and xj are values of data
in time series at times of ti and tj (i > j), respectively.

The Mann–Kendall trend test assumes that the observed
time series are serially independent. However, the studies that
assessed the trend in hydrometeorological variables have con-
cluded that these series are mostly auto-correlated. As a result,
some procedures have been proposed to produce serially in-
dependent time series required before using the Mann–
Kendall test (Yue et al. 2002). In this study, prewhitening
method introduced by von Storch (1999) was applied to re-
move serial correlation from the ET0 series.

2.5 Contribution of climatic variables to the ET0 dynamics

We used the detrending method to determine the contribution
of mean temperature (Tmean), wind speed (U), relative humid-
ity (RH), and solar radiation (SR) to the ET0 variations. In
order to implement the detrending procedure in the first step,
the trend in the RH, SR, U and Tmean was removed and the
time series became stationary (Xu et al. 2006). In order to

assess the contribution of a specific variable (for instance,
U), ET0 was then recalculated with the detrended data series
(e.g., the detrended U series), while the original data set was
used for other variables. Finally, the average difference be-
tween ET0 calculated with original data and ET0 recalculated
with detrended data was computed. This difference quantifies
the contribution of a specific variable to the ET0 changes. The
larger absolute difference indicates the higher contribution of
a given variable to the ET0 trend (Huo et al. 2013; Xu et al.
2006).

Table 1 Geographic characteristics, aridity index, and climate classification of the surveyed stations over the 1966–2010

WMO number Station Longitude (°E) Latitude (°N) Elevation (m a.s.l) AI (–) Climate (UNEP 1997)

40703 Khoy 44° 58′ 38° 33′ 1103.0 0.29 Semi-arid
40706 Tabriz 46° 17′ 38° 05′ 1361.0 0.20 Semi-arid
40712 Urmia 45° 05′ 37° 32′ 1315.9 0.29 Semi-arid
40718 Anzali 49° 28′ 37° 28′ −26.2 2.06 Humid
40719 Rasht 49° 39′ 37° 12′ 36.7 1.62 Humid
40727 Saghez 46° 16′ 36° 15′ 1522.8 0.42 Semi-arid
40729 Zanjan 48° 29′ 36° 41′ 1663.0 0.26 Semi-arid
40731 Qazvin 50° 03′ 36° 15′ 1279.2 0.25 Semi-arid
40732 Ramsar 50° 40′ 36° 54′ −20.0 1.51 Humid
40736 Babolsar 52° 39′ 36° 43′ −21.0 1.02 Humid
40738 Gorgan 54° 16′ 36° 51′ 13.3 0.60 Dry subhumid
40745 Mashhad 59° 38′ 36° 16′ 999.2 0.20 Semi-arid
40747 Sanandaj 47° 00′ 35° 20′ 1373.4 0.36 Semi-arid
40762 Torbat-e heydarieh 59° 13′ 35° 16′ 1450.8 0.20 Semi-arid
40766 Kermanshah 47° 09′ 34° 21′ 1318.6 0.32 Semi-arid
40767 Nozheh 48° 43′ 35° 12′ 1679.7 0.23 Semi-arid
40769 Arak 49° 46′ 34° 06′ 1708.0 0.26 Semi-arid
40782 Khorramabad 48° 17′ 33° 26′ 1147.8 0.33 Semi-arid
40795 Dezful 48° 23′ 32° 24′ 143.0 0.25 Semi-arid
40798 Shahrekord 50° 51′ 32° 17′ 2048.9 0.28 Semi-arid
40848 Shiraz 52° 36′ 29° 32′ 1481.0 0.20 Semi-arid
40859 Fasa 53° 41′ 28° 58′ 1288.3 0.20 Semi-arid

WMO World Meteorological Organization

Fig. 2 The distribution of the GCM grid points over Iran
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2.6 Statistical downscaling method

SDSM which is a combination of the regression-based and
stochastic weather generator downscaling techniques (Wilby
et al. 2002) was employed to establish statistical functions
between the coarse-scale GCM output and local-scale atmo-
spheric variables. There are two approaches to downscale
multivariable factors such as ET0 by SDSM (Wang et al.
2015). The ET0 can be treated as an exotic variable and di-
rectly downscaled by SDSM. Alternatively, ET0 can be esti-
mated using the SDSM-downscaled controlling climatic fac-
tors (i.e., Tmean, U, RH, and SR) as inputs for ET0 models
(e.g., PMF-56). In this study, we used the first method. In
order to statistically downscale coarse-scale data, the most
correlated large-scale predictors (Table 2) were selected using
Bscreen variables^ operation of SDSM. This operation of the
software provides some useful tools, i.e., explained variance,
correlation matrix, partial correlation, and scatter plot for iden-
tifying appropriate large-scale independent variables of statis-
tical functions. To calibrate monthly multiple linear regression
functions (MLRs), 25-year (1966–1990) of daily NCEP/
NCAR reanalysis data and calculated ET0 series were used.
The rest of the data (i.e., 1991–2001) was afterwards applied
to validate the established MLRs. The developed models
(MLRs) were then used to downscale the large-scale GCM
outputs.

2.7 Quantitative evaluation of model performance

The SDSM performance in simulating ET0 time series for the
calibration and validation periods was assessed using three
different statistics including normalized root mean square
(nRMSE), mean bias error (MBE), and the Nash–Sutcliffe
model efficiency coefficient (NSE). The mathematical expres-
sions of these statistics are

MBE ¼ ∑
n

i¼1
Si−Oið Þ

� �.
n ð10Þ

nRMSE ¼ 100

O

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
Si−Oið Þ2


 �.
n

s" #
ð11Þ

NSE ¼ ∑
n

i¼1
Oi−O

� 2
− ∑

n

i¼1
Si−Oið Þ2

� �.
∑
n

i¼1
Oi−O

� 2
� �

ð12Þ

where Si is the simulated values, Oi is the observed values, O
is mean of the observations, and n is the number of time steps.

The nRMSE, as a measure of absolute error, is frequently
used to characterize the differences between the simulated and
recorded values in the agrohydrology literature (Dashtaki et al.
2010; Nouri et al. 2016). The model performance is considered
perfect with the nRMSE value less than 10%, good if the
nRMSE is between 10 and 20%, fair if the nRMSE is between

20 and 30%, and poor if the nRMSE quantity is greater than
30% (Dettori et al. 2011). TheMBE, as a measure of systematic
error, is an index quantifying model bias, and its negative
(positive) values indicate model tendency to underestimate
(overestimate) (Palosuo et al. 2011). The NSE (a goodness-
of-fit statistics) quantifies the relative error and varies between
1.0 to minus infinity (Nash and Sutcliffe 1970). If the simulated
values are equivalent to the observations (Si = Oi), the model
performance is excellent and the magnitude of NSE statistics is
1.0 and the quantity of the MBE and nRMSE is zero.

3 Results and discussions

3.1 The ET0 trend analysis over 1966–2010

The relative change (%) and the Mann–Kendall trend test
results for annual and seasonal ET0 in the period of 1966–
2010 are demonstrated in Fig. 3. In about 77.0% of the sur-
veyed stations, the positive relative changes (trends) were
found in annual ET0 during 1966–2010. The significant trend
in annual ET0 time series was, however, identified in 36.3% of
the stations based on the Mann–Kendall trend test at the 95%
confidence level. The highest positive and negative change of
annual ET0 was also obtained at Gorgan (27.77%) and Dezful
(−22.92%), respectively. Spatially, the trend of annual ET0 in
southern and southwestern locations (e.g., Fassa and Dezful)
was insignificantly declining during 1966–2010. However, in
north, northwest, northeast, and west of the country, there was
an upward trend in annual ET0. On the seasonal scale, the ET0

trends were increasing during winter, spring, summer, and
autumn for 19, 16, 17, and 17 stations, respectively. In addi-
tion, about 54.5, 18.2, 27.3, and 22.7% of locations showed
positive significant trend (p ≤ 0.05) in winter, spring, summer,
and autumn ET0, respectively. Therefore, more sites exhibited
significant trend in winter ET0. Moreover, the ET0 increments
were mostly significant during wintertime in west and north-
west Iran. Similar to annual scale, insignificant downward
trends in seasonal ET0 were detected for southwestern and
southern sites. In some cases such as Qazvin and Zanjan as
well as Dezful and Shahrekord stations, two adjacent locations
showed inverse trends in ET0 series. This can be explained by
different microclimates caused by local wind circulation and
physical topography at two nearby areas (Türkeş and Sümer
2004). The climate of west and northwest Iran is considerably
impacted by mountain-plain winds and slope winds besides
prevailing atmospheric circulations (Tabari and Hosseinzadeh
Talaee 2011). In case of Shahrekord and Dezful, the Zagros
Mountains lying between the sites and considerable elevation
difference (almost 1900 m) leading to different microclimatic
conditions can account for observed inverse trends in ET0 of
these two adjacent regions. These results are in agreement
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with those reported by Dinpashoh et al. (2011), Kousari and
Ahani (2012), and Hosseinzadeh Talaee et al. (2014).

3.2 Contribution analysis of ET0 in 1966–2010

The average difference values (over 1966–2010) between annual
and seasonal ET0 calculated with original meteorological data
(ET0-org) and recalculated with detrended U (ET0-det.U), Tmean
(ET0-det.Tmean), RH (ET0-det.RH), SR (ET0-det.SR), and all climatic
data series (ET0-det.all) are given in Fig. 4. The positive (negative)
values suggest the positive (negative) effects of the trend in me-
teorological variables on the ET0 trend. There were 17.8, −96.8,
−4.2, and −30.0 mm year−1 differences (averaged over 1966–
2010) between annual ET0-org and ET0-det.Tmean, ET0-det.U, ET0-
det.SR, and ET0-det.RH, respectively, in semi-arid regions with de-
clining trend in annual ET0 (Fig. 4). In other words, negative
trend of annual ET0 in Qazvin, Nozheh, Dezful, Shiraz, and
Fassa (the sites experienced decreasing trend in ET0 (Fig. 3)) is

majorly caused by declinedU. Moreover, the average differences
between annual ET0-org and ET0-det.Tmean, ET0-det.U, ET0-det.SR,
and ET0-det.RH were approximately 13.9, 54.9, −2.3, and
2.1 mm year−1, respectively, for semi-arid regions with positive
annual ET0 trend. Therefore, the positive trend in annual ET0 is
mainly due to increase ofU in the semi-arid sites with increasing
trend in annual ET0 (Fig. 3). As a result, one attributes the chang-
es of annual ET0 greatly to theU variations in semi-arid regions.
Around 46.9 and 48.5% of difference between ET0-org and ET0-
det.all is accounted for by summertime ET0 differences in semi-
arid regions with decreasing and increasing ET0 trend, respec-
tively. Consequently, it seems that summer ET0 changes made a
more important contribution to changes in annual ET0 owing to
greater changes of summer wind speed over the semi-arid re-
gions. The highest average difference was calculated between
ET0-org and ET0-det.Tmean (17.8 mm year−1) followed by ET0-org
and ET0-det.RH (13.6 mm year−1) in humid regions. Hence, in-
creasing trend in ET0 is mostly attributable to enhanced Tmean

Table 2 Candidate large-scale
NCEP/NCAR predictors and the
number of sites in which the pre-
dictors were selected

No. Predictor Selection No. Predictor Selection

1 Mean sea-level pressure 16 15 850 hPa airflow strength 9

2 Surface airflow strength 2 16 850 hPa zonal velocity 10

3 Surface zonal velocity 6 17 850 hPa meridional velocity 2

4 Surface meridional velocity 3 18 850 hPa vorticity 3

5 Surface vorticity 1 19 850 hPa geopotential height 4

6 Surface wind direction 1 20 850 hPa wind direction 0

7 Surface divergence 2 21 850 hPa divergence 3

8 500 hPa airflow strength 6 22 Relative humidity at 500 hPa 2

9 500 hPa zonal velocity 11 23 Relative humidity at 850 hPa 8

10 500 hPa meridional velocity 8 24 Near-surface relative humidity 17

11 500 hPa vorticity 2 25 Surface specific humidity 6

12 500 hPa geopotential height 8 26 Mean temperature at 2 m 20

13 500 hPa wind direction 0 27 Specific humidity at 500 hPa 1

14 500 hPa divergence 2 28 Specific humidity at 850 hPa 5

*

* *

*

*

*
*

* *
*

*

*
*

* **

*

*

*

*

*

*
*

*

*

*

*

*

*

* *

*
**

*

-40

-30

-20

-10

0

10

20

30

40

50

K
h
o

y

T
ab

ri
z

U
rm

ia

A
n
za

li

R
as

h
t

S
ag

h
ez

Z
an

ja
n

Q
az

v
in

R
am

sa
r

B
ab

o
ls

ar

G
o
rg

an

M
as

h
h
ad

S
an

an
d
aj

T
o
rb

at
-e

 h
ey

d
ar

ie
h

K
er

m
an

sh
ah

N
o
zh

eh

A
ra

k

K
h
o
rr

am
ab

ad

D
ez

fu
l

S
h
ah

re
k
o
rd

S
h
ir

az

F
as

a

Winter Spring Summer Autumn Annual

Fig. 3 Annual and seasonal ET0 relative changes (%) for the studied stations over 1966–2010 Asterisks represent significant trends at the 95%
confidence level

366 M. Nouri et al.



and also decreased RH in Rasht, Anzali, Ramsar, and Babolsar
(the humid sites with positive annual ET0 trend (Fig. 3)). Similar
to semi-arid regions, summertime changes in climatic variables
play more important role in the ET0 variation of humid stations.
Dinpashoh et al. (2011) concluded that Tmax (maximum temper-
ature) in Anzali (a humid area) and U in Mashhad, Nozheh,
Tabriz, Sannandaj, and Shiraz (semi-arid regions) are the main
contributors to the ET0 changes using the stepwise regression
analysis over 1965–2005. Our results are thus consistent with
those reported by Dinpashoh et al. (2011). Nouri et al. (2017a)
attributed the ET0 changes to the U variations for most arid sites
located in central, eastern, and southeastern Iran over the last five
decades.

3.3 SDSM performance

As given in Table 2, mean temperature at 2 m (in about 91% of
the stations), near-surface relative humidity (in around 77% of
the sites), and mean sea-level pressure (in approximately 73%

of the locations) are the most relevant predictors used by
SDSM to establish the MLRs. Some atmospheric circulation
factors such as 850 hPa airflow strength, 500 hPa zonal ve-
locity, 850 hPa zonal velocity, and 500 hPa meridional veloc-
ity were also employed at more than 35% of investigated sites
(Table 2). Li et al. (2012) found that ET0 (predictand) was
more sensitive to mean temperature at 2 m, near-surface rela-
tive humidity, and relative humidity at 500 hPa (independent
predictors) over the Loess Plateau of China. Wang et al.
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Table 3 The statistic values, averaged across all locations, to evaluate
SDSM performance

Period GCM nRMSE (%) MBE (mm day−1) NSE (−)

Calibration HadCM3 0.43 0.14 1.00

CGCM3 0.41 −0.01 1.00

Validation HadCM3 5.87 0.38 0.98

CGCM3 5.85 −0.50 0.99
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(2013) have also identified the highest association between
ET0 and mean temperature at 2 m, mean sea-level pressure,
and 500 hPa geopotential height across the Tibetan Plateau,
China. Therefore, it can be concluded that temperature-related
and humidity-related large-scale predictors are of greater im-
portance in simulating ET0 by SDSM.

Given below 10% values of the nRMSE calculated for both
GCMs (Table 3), SDSM performed perfect in estimating ET0

(as an exotic variable) during both calibration (1966–1990)
and validation (1991–2001) periods. The negative MBE mag-
nitude reveals that SDSM slightly tended to underestimate
when the CGCM3 outputs were used to generate the ET0

series. On contrary, the model negligibly overestimated the

ET0 when the HadCM3 outputs were employed. Over 0.98
values of the NSE (Table 3) indicate small relative error in
synthesizing the ET0 series by the establishedMLR functions.
SDSM performed well in developing statistical downscaling
functions (i.e., MLRs) by using both HadCM3 and CGCM3
data sets during the calibration and validation periods. SDSM
thus appears to be capable of adequately simulating ET0 series
for the future in the study area.

3.4 Projection of future ET0 changes

Averaged across all sites, there will be 2.65, 2.54, 3.18, and
3.14% increments in annual ET0 for HadA2, HadB2, CG3A2,

Fig. 5 The ET0 changes (%) with respect to the baseline period in the study area under HadA2, HadB2, CG3A2, and CG3A1B scenarios in the 2020s
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and CG3A1B scenarios, respectively, in the period of the
2020s (the early twenty-first century) (Fig. 5). In the mid-
twenty-first century (2041–2070), annual ET0 was projected
to increase by 7.67, 6.75, 9.27, and 8.23%, averaged over all
locations, under HadA2, HadB2, CG3A2, and CG3A1B, re-
spectively (Fig. 6). Annual ET0 will also rise by 13.01, 9.91,
14.80, and 13.08%, averaged across all stations, relative to the
baseline period under HadA2, HadB2, CG3A2, and
CG3A1B, respectively (Fig. 7), during 2071–2100 (the late
twenty-first century). The average annual ET0 increment was
projected to be higher using CGCM3 outputs for most periods
and locations. For HadA2 and HadB2 scenarios, Gorgan is
anticipated to experience the largest annual ET0 increase

during the early, mid, and late twenty-first century. Further,
the largest increase in annual ET0 will be occurred in
Shahrekord and Tabriz under CG3A2 and CG3A1B scenari-
os, respectively, for all periods. Under HadA2, the annual ET0

increase is likely to be the smallest for Ramsar in the 2020s
and 2080s and also for Anzali during the 2050s. Moreover, the
least annual ET0 rise was projected for Arak station under
HadB2, CG3A2, and CG3A1B scenarios during the twenty-
first century. According to the results given in Figs. 5, 6, and
7, the annual ET0 increment in Arak, west parts of humid region
(e.g., Ramsar and Anzali) and southern stations (such as Fassa)
would likely be lower as compared to those projected for other
stations. Furthermore, a greater increase in annual ET0 is

Fig. 6 The ET0 changes (%) with respect to the baseline period in the study area under HadA2, HadB2, CG3A2, and CG3A1B scenarios in the 2050s
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anticipated in west and northwest Iran andBabolsar andGorgan
(under HadA2 and HadB2) in the future. Averaged over all
stations, the lowest and highest increase was predicted for au-
tumn and summer ET0, respectively, under CG3A2 and
CG3A1B for all time slices. However, for HadA2 and HadB2
scenarios, the greatest and least seasonal ET0 increment was
modeled during autumn and winter, respectively, over the
twenty-first century. The time series of average annual ET0
for humid and semi-arid from 1966 to 2100 are depicted in
Fig. 8. The historical ET0 series seem to vary more than the
projected series. It implies that simulating ET0 as an exotic
variable by statistical downscaling approach mainly provides
mean changes of ET0 rather than its variability in the future.

An increment in Tmean and SR and a reduction in RH andU
are expected under all scenarios in most time slices (Fig. 9).
Averaged across all sites, annual Tmean would increase by
10.94, 15.01, and 24.05% under HadA2; 7.54, 12.10, and
17.93% under HadB2; 19.88, 26.65, and 40.33% under
CG3A2; and 12.88, 19.98, and 24.99% under CG3A1B dur-
ing the 2020s, 2050s, and 2080s, respectively, with respect to
the baseline period. Hence, Tmean is likely to rise continuously
through the entire twenty-first century in response to increased
GHG emission. In addition, increase of Tmean would be larger
under CG3A2 and CG3A1B (Fig. 9c, d). Average annual RH
will decrease by 5.26, 3.97, and 5.05% for HadA2 scenario;
1.26, 1.77, and 2.88% under HadB2; 7.75, 6.78, and 10.08%

Fig. 7 The ET0 changes (%) relative to the baseline period in the study area under HadA2, HadB2, CG3A2, and CG3A1B scenarios in the 2080s
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under CG3A2; and 6.56, 5.77, and 8.08% for CG3A1B sce-
nario over the 2020s, 2050s, and 2080s, respectively. The
annual RH reduction was projected to be higher under
CG3A2 and CG3A1B emission scenarios (Fig. 9c, d). The
RH decrease appears to be associated with a likely reduction
in precipitation due to CC in the future. As a result, a dried and
warmer climate is expected over the studied areas in the
twenty-first century. Wind speed (U) would likely decrease
by 3.02, 2.92, 6.02, and 4.52% in the 2020s; 2.70, 2.20,
4.20, and 2.20% over the 2050s; and 4.45, 3.67, 6.45, and
3.15% during the 2080s for HadA2, HadB2, CG3A2, and
CG3A1B scenarios, respectively, relative to the baseline.
The increase of annual SR will not exceed 4%, averaged
across all locations, relative to the baseline time period for
all scenarios and future time slices (Fig. 9a–d). Although,
reducedUmay negatively impact ET0, ET0 will rise primarily
as a consequence of increased Tmean and declined RH through
the current century over the studied regions. Wang et al.
(2013) also reported Tmean and vapor pressure deficit (VPD,
a variable associated with RH) as the most important variables
influencing the future changes of ET0 on the Tibetan Plateau
of China. Considering greater changes of Tmean in the future
(Fig. 9), enhanced Tmean is likely to be the most contributing
climatic factor to the ET0 increase over the twenty-first cen-
tury. The highest and lowest seasonal Tmean rise was, respec-
tively, predicted to occur during autumn and winter under
HadA2 and HadB2 (Fig. 9a, b) and during summer and winter

under CG3A2 and CG3A1B scenarios (Fig. 9c, d). The sea-
sons with the largest and smallest projected Tmean changes are
exactly those with the greatest and least seasonal ET0 incre-
ments. Therefore, seasonal ET0 changes would be consider-
ably affected by seasonal Tmean changes in the future.

Prolonged agricultural droughts mainly caused by en-
hanced ET0 and rainfall deficit will adversely influence agri-
cultural outputs and threat food security in Iran over the com-
ing nine decades (Bannayan and Eyshi Rezaei 2014; Nouri
et al. 2016). Since agricultural activities are mostly relied on
implementing irrigation in Iran (Alizadeh and Keshavarz
2005), increased future crop water requirements as a result
of the ET0 rise would lead to a severe depletion of water
resources in the country.Moreover, the CC-induced increment
in ET0 is likely to create a need for implementing irrigation in
dryland agriculture converting rainfed lands to irrigated lands
(Cai et al. 2015). Considering increasing trend of environmen-
tal and industrial water allocation (Faurès et al. 2007; Molle
et al. 2007), recurrent water stress due to surface and ground-
water depletion, projected rainfall shortage, and ET0 increase
which will result in more frequent, more intense and longer
droughts (Trenberth et al. 2014), large expansion of irrigated
lands may not be feasible in the future (Rockström et al.
2010). As a result, adopting appropriate adaptation to manage
green water storage (or soil moisture) instead of direct use of
blue water (or irrigation) under rainfed condition appears to be
of high importance to avoid food insecurity and conserve
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valuable water resources in Iran under CC (Nouri et al.
2017b). Another implication of the ET0 increase for water-
limited regions is land degradation caused by soil salinization
(Homaee and Schmidhalter 2008). The ET0 increment would
cause declined aridity index (P/ET0) and water surplus (P-ET0

for months in which P > ET0) in the twenty-first century over
Iran. Such changes in regional aridity index may change cli-
mate particularly for the sites with AI close to 0.2 (boundary
value between semi-arid and arid climates based on UNEP
(1997)). Zarghami et al. (2011) concluded that climate of
Tabriz (a marginal semi-arid region) will likely shift from
semi-arid to arid owing to future changes in ET0 and

precipitation by 2100. Investigating future ET0 changes
seems, therefore, to be a real necessity for identifying proac-
tive adaptation options to reduce the adverse effects of CC on
food security and natural resources.

There are inherent uncertainties in projecting CC impacts
on hydroclimatic factors mainly generated by emission sce-
narios, GCMs, hydrological models, and downscaling ap-
proaches (Buytaert et al. 2009; Wang et al. 2015; Wilby and
Harris 2006). These uncertainties may lead to unreliable final
results and consequently jeopardize adaptive strategies and
measures. In Fig. 8, ±1.0 standard deviations of average ET0

series represent such uncertainties. As discussed earlier, the
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ET0 was downscaled and projected directly by SDSM in this
assessment. Thus, the uncertainties in the results can be sig-
nificantly attributed to nonmeteorological resources which are
primarily linked to unrobustness of black box models built by
SDSM. Further investigations are also required to provide
more details on uncertainties surrounding the ET0 projection.

4 Conclusions

Our results indicate an increasing trend in annual ET0 over
1966–2010 in the most studied sites. However, we found a
significant trend (p < 0.05) only in 36.3% of the studied sta-
tions. In addition, insignificant downward trends in ET0 were
identified for southwestern and southern stations mainly due
to the decreased wind speed. Wind speed was the most impor-
tant climatic factor contributing to the ET0 trend over 1966–
2010 in all semi-arid sites. In the studied humid regions, the
mean temperature seems to be the key contributor to the ET0

dynamics. The ET0 would increase through the twenty-first
century in the study area under all emission scenarios. The rise
of ET0 will likely be greater using CGCM3 outputs. The an-
nual ET0 increment is expected to be lower in western parts of
the humid region and southern stations. The average mini-
mum and maximum increase was projected for autumn and
summer ET0, respectively, under CG3A2 and CG3A1B.
However, for HadA2 and HadB2 scenarios, the maximum
and minimum seasonal ET0 increment was modeled during
autumn and winter, respectively, over the twenty-first century.
Temperature would most likely be the main atmospheric var-
iable controlling future ET0 changes. Decreased aridity index
and water surplus, depletion of water resources due to increase
of crop water demand, and shifting from rainfed to irrigated
cropping systems should be considered as some negative con-
sequences of the ET0 rise over Iran. Furthermore, serious ag-
ricultural drought particularly during autumn and spring
caused by increased ET0 would lead to yield loss and national
food insecurity. Overall findings of this study can improve our
understanding of negative consequences of climate change
and help planners to adopt effective mitigation measures.
The uncertainties in the results should be also taken into ac-
count by users under decision making processes.
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