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Abstract

The aim of the present study is to investigate the spatial changes of seasonal ETo in Iran in the future (2020-
2050), based on SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios of CMIP6 models (MRI-ESM2 and GFDL-
ESM4) compared to the observed data (1992-2014). The FAO56-PM method was used to estimate ETo, and
the CV was utilized to investigate the changes. The results showed that ETo will decrease in all seasons
across the country under all GFDL-ESM4 scenarios (except winter under SSP5-8.5). However based on the
scenarios of the MRI-ESM2 model for 2020-2050, the amount of ETo will increase in the southeastern and
southern regions in winter, but in the northwest, west, east, and areas corresponding to the Zagros highlands,
ETo will decrease. In spring and summer, ETo will increase in the Caspian Coast, northeastern, western and
interior areas of Iran, and even in the northwest (in summer). In the fall, ETo will increase in the eastern and
western regions of the country, east of the Caspian Sea and the northern Iranian plateau. Fall, summer, winter
and spring, respectively, represent the highest levels of spatial changes in ETo, but it will expand only
according to the MRI-ESM2 model in the winter (21% — 25%) under SSP1-2.6. Other seasons show fewer
changes than in the past, based on models. Accordingly, the need for detailed planning in water resource
management is emphasized, especially in the southern and eastern parts of Iran toward the inner areas.
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1. Introduction

Across the world, approximately 66% of the
annual precipitation that reaches the surface
of the earth is subject to evapotranspiration
(Oki & Kanae, 2006); in Iran, this proportion
exceeds 70% (Keshavarz et al., 2021).
Evapotranspiration is an important process in
the energy balance and hydrological cycle,
which are related to the carbon cycle
(Khanmohammadi et al., 2017; Pan et al.,
2020). Evapotranspiration is considered a
sensitive indicator of climate and ecosystem
feedback (Mokhtar et al., 2020). It is as
important as precipitation in atmospheric
moisture balance. Estimating
evapotranspiration is very important in the
calculation of hydrological modeling, water
and energy balance, planning water
resources, ecosystem health, climate
predictions and irrigation planning (Pour et
al., 2020a; Shah, 2022).

Although temperature and precipitation are

measured at meteorological stations all over
the world, other variables are mostly
available at only a few stations or have a
short data record (Raziei & Perehkar, 2021).
The time and cost required to directly
estimate evapotranspiration increase the need
for  mathematical models such as
Thornthwaite, Penman, Jensen-Haise,
Hargreaves-Samani and Penman-Monteith,
among other methods (Eslami & Ghahraman,
2013). These methods use two or more
climatic variables, such as temperature,
radiation, precipitation, relative humidity and
wind speed, and various models to estimate
the amount of evapotranspiration (Shah,
2022). Therefore, any change in the
aforementioned climatic variables would
alter the rate of Reference Evapotranspiration
(ETo). It is also expected that due to the
global warming, which is caused by the
excessive emission of greenhouse gases
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(GHGs), the ETo of the reference crop and
consequently the water needs of plants will
be directly affected by climate changes
(Heydari & Khoshkhou, 2019).

The emission of GHGs has a significant
impact on Earth's climate. Climate scenarios
have projected an increase in the world's
average temperature for the years 2081-2100
compared to the base period of 1986 —2005
(IPCC, 2013). The amount of precipitation
and temperature in Iran have changed in the
past and will change in future, according to
studies that have investigated the long-term
trend and changes in various regions of the
country (Tabari et al., 2011; Tabari & Talai,
2011; Soltani et al., 2016; Miri et al., 2021),
and considering the effect of these variables
on evapotranspiration and the relationship of
the carbon cycle, energy and water,
evapotranspiration is the best indicator of
changes in climate and water cycle (Dong et
al., 2020).

In recent years, General Circulation Models
(GCMs), which represent physical processes
in the atmosphere, ocean, cryosphere and
Earth's surface, have become the most
advanced tools for simulating the response of
the global climate system to the increase in
GHGs concentration (Majumder, 2015).
Currently, Coupled Model Intercomparison
Project Phase 6 (CMIP6) models are the
latest generation of climate models (CMIP),
providing 21 MIPs (Eyring et al., 2016). In
the sixth phase, the integration of Shared
Socioeconomic Pathways (SSPs) along with
Representative  Concentration ~ Pathway
(RCPs) of GHGs were used to analyze the
feedback between climate change and
socioeconomic factors such as global
population growth, economic development
and technological advances. The main
quantities include age, gender, education,
urbanization and economic development (per
capita income). Five main scenarios and a
number of sub-scenarios have been designed
and used as new scenarios in these models to
simulate the future climate (Zarrin &
Salehabadi, 2019). The framework of the
newly developed scenarios is designed by
climate change researchers in such a way that
it is able to provide an integrated analysis of
future climate impacts, vulnerabilities,
adaptation and mitigation. SSP has five
narratives of socioeconomic developments,
including sustainable development, regional

competition, inequality, development with
fossil fuels, and middle development (Riahi
et al., 2017). Water resources are highly
influenced by climate changes and human
activities, especially in semi-arid and arid
regions such as Iran, and knowledge of ETo
values in these regions plays an important
role in water resources management (Sharafi
& Mohammadi Ghaleni, 2021).

The results of the studies done in the field of
ETo in the past and future periods make it
even more clear that it is important to address
this issue using the models of the sixth report
for Iran. Ajjur and Al-Ghamdi (2021)
projected a rise in ETo across the Middle
East and North Africa region, up to 0.37
mm/year by the middle of the 21st century
(2021-2050) and up to 0.51 mm/year by the
end of the 21st century (2071-2100). Liu et
al.  (2020), in their estimation of
evapotranspiration in most regions of the
world based on CMIP5 and CMIP6 models,
stated that ETo is likely to increase all
throughout the 21st century; moreover, this
increase based on CMIP6 models will be
more than that of CMIP5. Wang et al. (2021)
also evaluated 18 CMIP6 models. Although
they observed overestimation in most
models, they confirmed the increase in ETo
during the years 1980 to 2014 in most
regions of the world.

Seasonal ETo values based on the Penman-
Monteith method in China are also projected
to increase using climate models in the years
2020-2099 under RCP scenarios (Zhao et al.,
2020), while the case study of Qi et al.
(2017) for the years 1964-2013 in the
northern regions of China (the largest
agricultural region of China) showed a
decrease in seasonal ETo except for the
winter. The increase in the winter is stated to
be a reason for spring draughts. Also, the
roles of altitude and latitude are stated to be
important factors in the decrease of ETo from
the plains to the northern heights of the
studied area. A number of national studies in
Iran explore the effect of latitude on ETo. For
instance, Asadi and Karami (2020) and
Shirmohammadi et al. (2018) studied its role
in the provinces of Fars and Khorasan
Razavi. In addition to latitude, Gudarzi et al.
(2018) discussed the role of altitude in ETo
decrease in desert areas, Kavir and Makran
coasts.

Dong et al. (2020) also examined data from
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49 stations (1961-2010) and climate models
in Xinjiang, China, and stated that ETo
decreased significantly in 1961-1993 and
increased again in 1994-2010. But it has
been projected to continually increase under
the conditions of RCP 4.5 and 8.5. Li et al.
(2016) also showed the increase of ETo at a
rate of 1.15 mm per year for the period 1991
2013 in the Loess Plateau (China). Obada et
al. (2017), in examining the spatial and
temporal changes of ETo in West Africa
(Benin) in the two periods of 1981-2010 and
2011-2100 using the PM method, concluded
that the amount of ETo has alternately
increased and decreased in the past, but the
annual and seasonal scales will gradually
increase in the future.

Some studies conducted in Iran also show an
increase in the values of this variable during
the past and future periods. Alizadeh and
Salehnia (2014), using the PM method,
demonstrated the maximum increase in ETo
in the south and southwest of Iran, its annual
increase in the northeast, and an overall
increase in ETo during the statistical period
by examining data from 50 years (1961-
2010) at 30 synoptic stations from different
climates of Iran. The study of Masoompour
et al. (2014) indicates an increase in ETo
during the statistical period of 1981-2009 in
Iran, especially in the southeast, center and
southwest, and the lowest amount was
observed in the north of the country. The
study by Nouri et al. (2017), using data from
scenario B2 of the HadCM3 model, showed
an increasing trend of ETo in the current
century for the stations under study in the
northwest and west of Iran. The largest
increase was estimated to last until 2040 for
the spring and until 2100 for the fall.
Cheshmberah  and  Zolfaghari  (2019)
projected the increase of ETo in the
northwest, west, center and south of Iran
during the vyears 2020-2049 using the
Penman Monteith of FAO56 (FAO56-PM)
method, NCEP network data, and the Had-
cm3 model. Kadkhodazadeh et al. (2022)
also estimated an increase in ETo under both
pessimistic and optimistic scenarios for the
period of 2021-2050 at stations in the
northwest using CMIP6 models. Iraq, as one
of the countries contiguous with Iran and
sharing the same latitude, has had a
significant increase in ETo during the last
four decades (1981-2021), especially in

summer (Al-Hasani & Shahid, 2022). The
only available study for Iran in the sources
for ETo projection using CMIP6 models is
the Modaresi and Araghi study (2023). Using
an artificial neural network, they showed that
ETo will increase in 2031-2060 and 2061-
2090 under SSP1-2.6 and SSP5-8.5
scenarios.

The primary goal of this research is to
analyze seasonal ETo changes in Iran from
2020 to 2050 using the SSP1-2.6, SSP2-4.5
and SSP5-8.5 scenarios from the CMIP6
series of oceanic-atmospheric models and
compare the future to the years 1992-2014.
The findings of this study can demonstrate
how possible future changes can affect ETo
and be used in climate planning.

2. Methods

2-1. The study area

Iran (Figure 1) is located in the southwest of
Asia, and the Oman Sea and the Persian
Gulf in the south and the Caspian Sea in the
north form part of its borders. Iran is located
on the northern margin of the subtropical
high-pressure system. Iran is a mountainous
country with mountain ranges such as Alborz
and Zagros, which separate the inner regions
of Iran from the marginal regions of the north
and south of the country. The eastern part
of the plateau is covered by two salt plains,
Kavir and Lut. Iran has two lowlands in
the southwest (Khuzestan) and the north
(coast of the Caspian Sea) (Rahimi, 2012;
Lashkari & Mohammadi, 2019; Maghsoudi,
2020).

Annual precipitation and average daily
temperature are directly related to the
topography and latitude of the country. The
amount of precipitation gradually decreases
from the northwest to the southeast. However
the average daily temperature follows the
opposite pattern of precipitation and
gradually increases from the northwest to the
southeast of Iran. The average daily
temperature is lower along the Zagros
mountain range in the west and the
northwestern highlands but higher in the
southern coastal areas. Potential
evapotranspiration in Iran does not follow the
geographical distribution of temperature and
its highest rate is observed in the southwest
and southeast of the country, while the lowest
rate is observed in the northwest corner of the
country. In the central region,
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evapotranspiration has a middle value and
gradually decreases toward the south and
north of the country. High potential
evapotranspiration and less precipitation have
made the climate of the country mostly arid
and semi-arid (Pour et al., 2020b).

2-2. Data

The data (Table 1) was provided by the
Islamic Republic of Iran Meteorological
Organization (IRIMO) for a 23-year period
(1992-2014) for 102 synoptic stations
(Figure 1). Due to a defect in the sunshine
duration data, values from 1992 onwards
were used. Run test was used to check the
quality of the data.

The model data (Table 1), including the
MRI-ESM2-0 and GFDL-ESM4 models for
the years 2020-2050 were obtained
according to the GCMeval classification
under the SSP1-2.6, SSP2-4.5, and SSP5-8.5
scenarios, with a spatial resolution of 100
km. Afterwards, using the "Resampling
Technique", the bilinear method within the

raster R package (Hijmans et al., 2015), it
was converted to data with a resolution of 50
km. This method performs a bilinear
interpolation and determines the new value of
a cell based on a weighted distance average
of the four nearest input cell centers. It is
useful for continuous data and will cause
some smoothing of the data (Amare et al.,
2021). The output cell size parameter can
resample the output to the same cell size as
an existing raster layer, or it can output a
specific X and Y cell size. The cell size can
be changed, but the extent of the raster
dataset will remain the same. After that,
calculations were done using equations 1 to
3. Next, the maps were drawn in the Lambert
system. Due to the lack of data on sunshine
hours in the CMIP6 models, this variable was
calculated using surface downwelling
(longwave and shortwave) radiation and
surface upwelling (longwave and shortwave)
radiation data (Table 1) from the models and
the radiation estimation method of Li et al.
(2019).
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Figure 1. The location of the studied synoptic stations.

Table 1. Characteristics of the Data used in the Study.

- Statistical
Data center Data Characteristic period
Maximum and minimum temperature at
Iran Meteorological Organization 2 m of height; wind speed at 2 m of
(IRgIMO) ’ height; sonshine duration for 102 Monthly 1992- 2014
synoptic stations.
Surface Downwelling Longwave
Radiation (rlds); Surface Downwelling
Shortwave Radiation (rsds); Surface Monthly
Earth System Grid Federation Upwelling Longwave Radiation (rlus); GFDL-ESM4 2020- 2050
(ESGF) Surface Upwelling Shortwave Radiation MRI-ESM2-0
(rsus); Maximum and minimum Spatial resolution of 100 Km
temperature at 2 m of height; wind
speed at 2 m of height.
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2-3. Methods

2-3-1. GCMeval

GCMeval is a tool for selecting and
evaluating global climate models. This tool
was created using the "Shiny" package in R
software (Chang et al., 2017) and is also
available to users as an online program
through https://gcmeval.met.no/. By
evaluating climate models from the CMIP5
and CMIP6 ensembles and a subset of
models, GCMeval discards the worst-
performing climate models and attempts to
retain the full ensemble of models with the
best statistical performance. One of the
advantages of this tool is the determination of
"weights for skill evaluation", including the
importance of the study area, variables,
seasons and evaluation scores (such as bias,
spatial correlation and RMSE). Based on
these choices, the climate models are ranked
according to the representation of the past
climate. Under "Advanced Settings," the
reference data set that the GCM simulations
are measured against can be changed. Plots
of the predicted mean change in temperature
and precipitation in the target region for the
past (1981-2010), the near future (2021-
2050), and the far future (2071-2100) are also
included in GCMeval. The Global
Precipitation Climatology Project (GPCP)
data set, along with temperature and
precipitation data from two global reanalyses
of the European Centre for Medium-Range
Weather Forecasts, ERA5 and ERA-Interim,
are currently used to calculate evaluation
statistics (Parding et al., 2020). In this study,
the tool was used to select the models, but
due to the lack of some required variables,
the fourth- and fifth-rank models were taken
(Figure 2). Figure 2 shows the annual mean

temperature and precipitation change within
the study area from the past (1981-2010) to
the near future (2021-2050) based on the
ERAS5 and GPCC data sets, respectively.

2-3-2. Calculation of PM-FAO56
Although calibrated methods such as
Hargreaves-Samani (Newton et al., 2021)
and Blaney-Criddle (Heydari et al., 2015)
have also shown good results, the FAO56-
PM method has been proposed as the
standard method for calculating reference
ETo by Allen et al. (1998), the International
Committee on Irrigation and Drainage
(ICID), and the World Meteorological
Organization (WMO) (Kermani et al., 2014).
In the present study, evapotranspiration was
estimated using the method defined in the
Standardized Precipitation-Evaporation and
Transpiration Index Package (SPEI Package)
(Begueria et al., 2017). This method uses the
main parameters introduced by Allen et al.
(1994) to calculate ETo based on the FAO56-
PM method as follows (Bakhtiari et al.,
2017):
ETO _ 0.408A(Rn—6)+y[%]uz(es—ea) (1)
A+y(1+0.34u5)
where ETo is the reference
evapotranspiration (mm day™), Rn is the net
solar radiation (MJ m? day™), G is the soil
heat flux density (mm day™), T mean is the
maximum and minimum daily temperatures
at two meters of height (°C), u2 is the wind
speed measured at two meters of height (m s
1), e is the saturation vapor pressure (k Pa),
e, IS the actual vapor pressure (k Pa),
(es —e, ) is the saturation vapor pressure
deficit (k Pa), A is the slope of saturation
vapor pressure curve (mb °C™) and v is the
psychometric constant (kPa °C™).
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Figure 2. The figure includes GCM runs for emission scenario SSP5-8.5 (purple) and selected models (green) from the
CMIP6 ensemble in focus region (in this study, West of Asia [WAS: 19]).
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Since solar radiation data is rarely available,
the code in the SPEI package estimates it
through sunshine duration or cloud cover
percentage. In the absence of pressure data,
calculations can be done using dew point
temperature, relative humidity, or minimum
temperature. The surface pressure required to
calculate the humidity is also calculated
through the atmospheric pressure at sea level
and the height of the points above sea level,
otherwise, it is considered to be 101.3 kPa
(Begueria et al., 2017).

2-3-3. Coefficient of variation (CV)

After calculating the seasonal mean values,
standard deviation, and finally Coefficient of
Variation (CV) for ETo were calculated
seasonally as follows (Mulla & McBratney,
2001):

SD = /Z(XNﬁ )

v =2 x100 ©)
In the above equations, X; is the average of
each season of the year, X is the total average
and N is the number of years. CV is
calculated by dividing the standard deviation
by the mean. In the above equation, SD is the
standard deviation and X is the total mean. Its
result is multiplied by 100 to be expressed as
a percentage.

3. Results and discussion

3-1. Spatial distribution of ETo in 1992-
2014

Figure 3 depicts the spatial distribution of the
seasonal mean ETo in winter (January—
February—March), spring (April-May-June),
summer (July—August-September), and fall

(October—November—December), with
summer (Figure 3c) having the most ETo
during the statistical period. Southwest Iran
has had the highest values this season, with
0.5% of the area (Table 2). Next, southwest
stations, eastern and southeastern regions had
the highest levels of ETo in spring (Figure
3b), fall (Figure 3d) and winter (Figure 3a).
Regions in the northern half of the country,
however, have the lowest levels of ETo,
especially the Caspian coast and the
northwestern part of the country, including
the northern coast of the Oman Sea in the
summer. Across the region, higher latitudes
and altitudes have a significant decreasing
effect on ETo. That is, the amount of ETo
decreased from lower latitudes to higher
latitudes and from plain areas (low altitude)
to mountainous regions (high altitude) as
reported by Asadi and Karami (2020),
Gudarzi et al. (2018) and Shirmohammadi et
al. (2018) in several study regions of Iran, as
well as Qi et al. (2017) in China. This was
demonstrated by the behavioral consistency
of ETo with regard to the latitude and
mountainous regions in the displayed spatial
patterns during the study period (past and
future).

In all seasons of the year during the
observational period, except for summer,
when some areas of the southeast, especially
the coastal areas, have a decrease in ETo
under the influence of the monsoon system,
higher values of ETo are included in the
southwest, southeast, and south of the
country towards the interior areas, which
confirms the findings by Masoompour et al.
(2014).

Table 2. Average seasonal ETo percentage and area, 1992—2014.

Season Value (mm) Area (Km?) Percentage
90 - 230 682691.1 42
Winter 230.1 - 380 880724.6 54.2
380.1-522 61434.8 3.8
285 - 605 645217.1 39.7
Spring 605.1 - 920 955283.9 58.8
920.1 - 1240 24349.5 15
360 - 775 780865.9 48.1
Summer 775 -1180 834745.6 51.4
1180.1- 1690 9239 0.5
140 - 320 892553.9 54.9
Fall 320.1 - 505 724266.4 44.6
505.1 - 690 8030.2 0.5
Sum 1624850.5 100
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Winter

ETo (mm)
=9 - 160
= 160.1 - 230

230.1 - 305
£.305.1 - 380
I 380.1 - 450

summer
ETo (mm)
| 360 - 565
M 565.1-775
775.1-975
©1975.1 - 1180
= 1180.1 - 1390
= 1390.1-1690

(©
Figure 3. Average seasonal ETo for 1992-2014. (a) Winter, (b) Spring, (c) Summer, (d) Fall.

3-2. Spatial distribution of ETo in 2020-2050
The output maps of the average winter ETo
in 2020-2050 in Figure 4a to 4f show that
under the conditions of SSP5-8.5 of the
GFDL-ESM4 model, ETo will increase and
based on the other two scenarios, decrease,
especially in the northern half of Iran.

™ 450.1 - 522

181

N

A

Spring
ETo (mm)
W 285- 445
W 445.1 - 605
605.1 - 760
1760.1 - 920
5 920.1 - 1080
= 1080.1-1240

Fall
ETo (mm)
= 140 - 230
= 230.1-320
320.1-415
71 415.1 - 505
9 505.1 - 595
= 595.1 - 690

0100200 400 600 800
— KM

(d)

However, based on all the MRI-ESM2
scenarios, regions in the southeast, to some
extent, the east towards the interior regions of
Iran will witness a rise in evapotranspiration.
These areas, as well as regions in the
northern half with less ETo will expand
(Table 3).

Table 3. Average seasonal ETo percentage and area, 2020—2050.

S Scenario SSP1-2.6 SSP2-4.5 SSP5-8.5
eason Model Area (Km?) Percentage (%) Area (Km?) Percentage (%) Area (Km?) Percentage (%)
782118 48.1 880724.6 54.2 651261.3 40.1
GFDL-ESM4 824988.5 50.8 7327715 45.1 910038.9 56
Winter 17744 1.1 11354.4 0.7 63550.3 3.9
728540.5 44.8 762085.8 46.9 757034.6 46.6
MRI-ESM2 705918.1 43.5 696161 42.8 689512.3 42.4
190391.9 11.7 166603.7 10.3 178303.6 11
1077290.2 66.3 1083377.6 66.7 1050436.7 64.6
GFDL-ESM4 547560.3 33.7 541472.9 33.3 574413.8 35.4
Spring 0 0 0 0 0 0
383158.4 23.6 391274.8 24.1 406903.4 25
MRI-ESM2 956276.9 58.8 956967.7 58.9 939482.7 57.8
285415.2 17.6 276608 17 278464.4 17.2
817217.4 50.3 811389.1 49.9 779398.1 48
GFDL-ESM4 807633.1 49.7 813461.4 50.1 845452.4 52
Summer 0 0 0 0 0 0
103010.2 6.3 103442 6.4 101024.3 6.2
MRI-ESM2 1316597 81 1325274.6 81.6 1272776.5 78.3
205243.3 12.7 196133.9 12 251049.7 15.5
1042795.2 64.2 1040766 64.1 978985.8 60.3
GFDL-ESM4 582055.3 35.8 584084.5 35.9 645864.7 39.7
Fall 0 0 0 0 0 0
686403.9 42.2 674574.6 415 639431.9 39.4
MRI-ESM2 788032.6 48.5 815188.3 50.2 832198.4 51.2
150414 9.3 135087.6 8.3 153220.2 9.4
Sum 1624850.5 100 1624850.5 100 1624850.5 100




182 Journal of the Earth and Space Physics, Vol. 49, No. 4, Winter 2024

The pattern of projected outcomes of
scenarios in spring (Figure 4) and the scope
of the regions (Table 3) show the reduction
of ETo in most regions of Iran except the
eastern half of the Caspian coast and the
coast of Oman, based on all GFDL-ESM4
scenarios (Figure 4m, n and o). However,
based on the MRI-ESM2 scenarios (Figure
4p, q and r), an increase in the extent of the
highest ETo values in the southeast, east and
south of Iran towards the inner regions is
projected compared to the observational
period. Based on the scenarios of this model,
the extent of the areas with less ETo in the
northeast of the country, the eastern areas of
the southern shores of the Caspian Sea, and
the west of the country has been reduced and
replaced by areas with medium ETo (Figure
4 and Table 3).

According to Table 3, GFDL-ESM4 shows a
drop in the extent of areas with low summer
ETo values (increasing ETo) on the southern
coasts and shows an increase in the northeast
and west of Iran under the conditions of
SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios
(Figure 5a, b and c). Areas with more ETo in
the southwest will be removed and replaced
by areas with medium ETo under the
conditions of SSP1-2.6, SSP2-4.5 and SSP5-
8.5 scenarios (Figure 5a, b and c¢). However
the spatial distribution of ETo based on MRI-
ESM2 scenarios (Figure 5d, e and f) shows a

SSP1-2.6 SSP2-4.5

-~

GFDL-ESM4

MRIESM2 ()

severe decline in areas with low levels of
ETo and an increase in areas with medium
ETo (in the northeast, to some extent the east,
the west, parts of the northwest, interior
areas, and the southern coasts of Iran) and the
most (in the southwest, southeast and east of
the country) for the summer of 2020 to 2050
(Table 3).

GFDL-ESM4  fall  seasonal  average
distribution of ETo (Figure 5m, n and 0)
shows that the amount of ETo in Khuzestan
will decrease to the lowest values (230.1-320
mm) in the period of 2020 to 2050 compared
to the observational period (505.1-690 mm),
which was the most amount of ETo in
Iran. Also, the amount of ETo in the
southeast and southern coasts of the country
is estimated to decline based on the scenarios
of this model. However, according to MRI-
ESM2, the extent of the areas with less ETo
in the northeast and the interior areas of
Alborz and Zagros towards the central
plateau of Iran has decreased compared to the
observational period, and the extent of the
areas with medium ETo (in the southeast,
east and south towards the interior areas) will
increase under all three scenarios. The same
change will happen to areas with the most
amount of ETo (in the southeast of the
country and the coasts of Oman) (Figure 5p,
g and r and Table 3), especially under SSP5-
8.5 (Figure 5r).

SSP5-8.5

‘ ﬁ i
ETo (mm)
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Figure 4. Average seasonal ETo, in Winter (a to f) and Spring (m to r) under scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5

for 2020-2050.

The findings of Nouri et al. (2017),
demonstrating an increasing trend of ETo in
the northwest and west of Iran in the spring
of 2011 to 2040, is not confirmed based on
the data period in this study (2020-2050).
This may be because of the difference in the
length of periods under investigation by the
two studies, as well as improvements in the
sixth report compared to the fourth report.
Additionally, rather than using the historical
data from the models, the present study
compares the possibilities for the future to
the observational data. The findings of
Kadkhodazadeh et al. (2022) regarding the
rise of ETo in the same statistical period
under optimistic and pessimistic scenarios in
northwest Iran based on Figures 2 to 4 in the
present study were observed only in the
average summer of the MRI-ESM2 model.

In general, the present study confirms the
findings of Modaresi and Araghi (2023)
regarding the increase of ETo in the periods
of 2031-2060 under the SSP1-2.6 and SSP5-
8.5 scenarios and its greater increase in arid
environments, the findings of Liu et al.
(2020) regarding the global increase of ETo,
the findings of Ajjur and Al-Ghamdi (2021)
proving the rise of ETo in the Middle East
and North Africa, and the findings of Zhao et
al. (2020) in China, under all MRI-ESM2
scenarios for all seasons, as well as SSP5-8.5

from the GFDL-ESM4 model in the winter,
except for the northwestern areas and some
areas in Zagros and the western half of the
Caspian coast (except for the summer, when
the MRI-ESM2 model predicts an increase in
these areas as well). These findings are
confirmed by both models in comparison to
the national average.

3-3. Spatial changes in ETo from 1992 to
2014

The CV of winter ETo in Iran (Figure 6a)
shows that the most changes (21% - 25%)
occurred in 0.9% of the country's regions,
which are scattered in the northwest,
northeast and southeast of the Caspian Sea,
as well as the southeast of the central plateau.
Besides, the lowest CV (4% - 8%) occurred
in 0.9% area on the southern coast of the
country. Spring (Figure 6b) witnessed a
decrease in changes compared to winter, but
the most CV (18% - 21%) is associated with
the same regions, with the core in the
southeast of the Central Plateau (Kerman) in
0.2% of Iran. The lowest CV (4% - 7%) was
found in 11.2% of the country, from the
south coast to the interior regions.

In summer (Figure 6c), the changes around
Kerman (0.2% of the country) have increased
to 23% - 28%, and except for the southeast of
the Caspian coast, the changes have been up



184 Journal of the Earth and Space Physics, Vol. 49, No. 4, Winter 2024

to 12% in almost all other regions of the
country. The lowest CV (2% - 7%) has
occurred in the northwest towards the
western part, southern coasts and interior
areas in 34.3% of Iran.

In fall (Figure 6d), CV has increased in the
interior and northern half of the country, and

SSP1-2.6

GFDL-ESM4 (a) (b)

¢!

MRI-ESM2 (d)

GFDL-ESM4

MRI-ESM2 (9) (@

SSP2-4.5

the most spatial changes (27% - 32%)
occurred around Kerman and the southeast
of the Caspian Sea (in 0.4% of the area).
The lowest changes of this season (5% -
10%) have been in the south of the
country, especially the coasts (in 11% of the
area).

SSP5-8.5

A
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ETo (mm)
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Figure 5. Average seasonal ETo, in Summer (a to d) and Fall (m to r) under scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5

for 2020-2050.
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3-4. Spatial changes in ETo from 2020 to
2050

The projection of GFDL-ESM4 scenarios for
the winter of 2020-2050 show that under
scenarios 1-2.6, 2-4.5 (Figure 7a and b) the
extent of areas with low changes (4% - 8%)
in south coasts and northwest and under
SSP5-8.5 (Figure 7c), in the western and
interior regions of the country will increase
from 0.9% (observational) to 14.8%, 17.5%
and 55.6%, respectively. Most of changes
also decrease in the northern half and the
internal plateau. However, according to MRI-
ESM2, in the conditions of the SSP1-2.6
scenario (Figure 7d), the changes will
increase in other regions of Iran, except for
some areas in the northwest, and the vastness
of areas with most of the changes reaches
16% compared to the observational period
(0.9%). In the conditions of SSP2-4.5 (Figure
7e), the areas with the least and most changes
will be removed, and the areas with medium
changes (13% - 16%) will be increased. In
the conditions of SSP5-8.5 (Figure 7f), the
extent of the areas with medium changes will
increase from 13% to 46.2%, except for the
northwest towards the west of the country.
Based on the patterns of GFDL-ESM4
scenarios, the amount of changes in ETo for
the spring of 2020-2050 will decline from
11%-17% in the northern half and the inner
regions of the Iranian plateau to 4%-10%.

ETo (CV%)

N

A
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ETo (CV%)
-4
mm7-10
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14 -17
w18 -21
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I s5- 10
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(d)
Figure 6. Average seasonal ETo changes for 1992-2014. (a) Winter, (b) Spring, (c) Summer, (d) Fall.

Moreover, the area that it affects will
increase from 11.2% in the observational
period to 78.4%, 66.4% and 62.3% under
scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5,
respectively (Figure 7m, n and 0). According
to the MRI-ESM2 scenarios (Figure 7-p, ¢
and r), in spring, the changes in the southeast
of the Caspian Sea and the interior areas will
decrease to 4%-10% compared to the base
period 14%-21%), but will increase in the
conditions of SSP2-4.5 and SSP5-8.5 (Figure
7q and r) in the northwest and South Zagros.
In general, based on all three scenarios of this
model, the extent of the areas with the low
change in the southern half of Iran and the
east will increase from 11.2% to 26.6%,
34.6% and 36.1%, respectively, in the SSP1-
2.6, SSP2-4.5 and SSP5-8.5 scenarios.

The results showed that based on GFDL-
ESM4 and MRI-ESM2, the average of
changes in summer ETo will decrease to 2%-—
12% for the statistical period of 2020 to 2050
(Figure 8a to d), and only will be 13%-17%
in the northwest corner of Iran under SSP2-
45 and SSP5-8.5 of MRI-ESM2 model
(Figure 8e and f).

Based on all GFDL-ESM4 and MRI-ESM2
scenarios in fall (Figure 8m to p), in addition
to a decrease in changes in the southeast of
the Caspian Sea and around Kerman from
27%-32% to 5%—15%, the changes in other
regions of Iran will also decrease.
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Figure 7. Average seasonal ETo changes in Winter (a to f) and Spring (m to r) under scenarios SSP1-2.6, SSP2-4.5 and
SSP5-8.5 for 2020-2050.
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Figure 8. Average seasonal ETo changes in Summer (a to f) and Fall (m to r) under scenarios SSP1-2.6, SSP2-4.5 and
SSP5-8.5 for 2020-2050.

4. Conclusion

The average ETo and its spatial changes in
the past and future were examined in this
study using station data and CMIP6 models.
The output maps show that higher altitudes
and latitudes significantly reduce ETo in
Iran. Higher ET, values are seen in the

southwest, southeast and south of the country
toward the interior regions throughout the
year, except for summer in the observational
period and the GFDL-ESM4 model scenarios
in the future period (in which some areas of
the southeast, especially the coastal areas
affected by the monsoon system, have a
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decrease in ETy).

According to GFDL-ESM4, only under
SSP5-8.5 in the winter would the areas in the
southeast of Iran with more ETo expand.
However in all scenarios of this model, ETo
will decline throughout the year in Iran's
northern half (particularly in the northwest
and to some extent in the west and northeast).
It will also decrease in the southeast and
southwest of the country (except for winter in
SSP5-8.5 conditions).

On the other hand, according to all three
MRI-ESM2 model scenarios, the amount of
ETo will rise in the southeast, south and
interior parts of the country between 2020
and 2050, compared to the observational
period. Regarding the regions with lower
ETo, according to MRI-ESM2, the amount of
ETo will decrease according to all three
scenarios (in the northwest, west and east, as
well as regions in Zagros throughout the
winter). However in spring and summer, in
addition to the increase of ETo in the Caspian
coastal strip, it will also increase in the
northeast, east of the Caspian Sea, west and
interior areas in these seasons, and even in
the northwest in summer. The biggest
increases in ETo will happen under SSP5-
8.5, SSP1-2.6 and SSP2-4.5 scenarios,
respectively. Despite the fact that the regions
in this study were categorized in low,
medium and high evapotranspiration classes,
it can be concluded in general that these
regions have high evapotranspiration because
of the lack of precipitation.

In terms of extent changes, most changes
occurred during the observational period in
the fall (in the southeastern areas of the
Caspian Sea and around Kerman), summer
(around Kerman), winter (the aforementioned
areas of the fall and the northeast, northwest,
and to some extent west Iran), and spring
(around Kerman).

According to MRI-ESM2, the northeastern
and eastern parts of the country as well as
western regions of its inner plateau will
encounter the greatest changes between 2020
and 2050 during the winter (21%-25%)
under SSP1-2.6. Although, based on the
other two scenarios of this model changes
will increase in most regions of Iran (except
for the northwest of the country and the
southeast of the Caspian Sea under SSP2-
4.5). A decline in changes is projected for
other seasons of the year in different regions

of Iran based on the model scenarios
compared to the observational period.
Generally, GFDL-ESM4 shows that the
amount of ETo changes is less than MRI-
ESM2.
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