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Introduction \

Climate change is fundamentally altering the Earth's hydrological cycle, With%riicularly severe impacts in arid
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and semi-arid regions such as Iran, including rising temperatures, shifting precipitation patterns, and intensifying
water stress (IPCC, 2021; Gohari et al., 2013). Potential evapotranspiration (ETo), a key indicator of atmospheric
evaporative demand, plays a central role in wategbalance assessment,and irrigation planning (Allen et al., 1998).
While the FAO-56 Penman-Monteith (PM) method.is'the global réference standard, its application is constrained
by extensive data requirements that are often unavailable inymany regions and by climate model outputs (Tabari et
al., 2012). The Hargreaves-Samani (HS) method offers @simpler alternative relying solely on temperature data,
but its fixed empirical coefficient (0.0023) requires regional calibration.tolavoid systematic errors across different
climates (Almorox and Grieser, 2015; Ferreira et al., 2024; Musa et al.; 2025). In Iran, despite extreme climatic
and topographical diversity, a coherent national framework forregional calibration of this method remains a critical
gap. Furthermore, quantitative assessment of ETo sensitivity to climate change using the Climate Sensitivity Index
(CS]) at the national scale has been limited, This study aims to (1) regionally calibrate the HS method across six
climatic-altitudinal zones of Iran using'the PM'method as reference, and (2) assess ETo sensitivity to future climate
change using the €SI index:

Materials and Methods

Study Area and Zonation:“Iran was divided into six climatic-altitudinal zones based on latitude (32°N as the
transition boundary) afid elévation (<600 m, 600-1400 m, > 1400 m) (Domrées and Kaviani, 1993; Raziei et al.,
2013). Daily datagfrom lEXSynoptic stations (1995-2014) were obtained from the Iran Meteorological
Organization. (X

Climate Modelstand Bias Correction: Three CMIP6 models, ACCESS-CM2, IPSL-CM6A-LR, and CNRM-CM6-
1, were selectedibased on KGE and mean absolute percentage error metrics. Bias correction was performed using
Empirical Qua:'ﬁN\/lapping (EQM). A weighted multi-model ensemble was constructed with coefficients of 0.34,
0.33, and 0.33 for ACCESS-CM2, CNRM-CM6-1, and IPSL-CM6A-LR, respectively. Future projections were
analyzed under’'SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios for near (2031-2050), middle (2051-2070), and far
(2071-2090) future periods.

ETo Estimation and Calibration: Reference ETo was calculated using the PM method, while the HS method was
calibrated through four approaches (linear and second-degree polynomial at daily and monthly scales). The best-
performing approach was selected, and correction coefficients were derived. k2" were derived for each zone. The
Climate Sensitivity Index (CSI) was calculated as the percentage change in ETo relative to the baseline. Statistical
significance was assessed using one-way ANOVA followed by Tukey's HSD post-hoc test at o = 0.05.

Results and Discussion

Calibration Performance: The monthly linear approach demonstrated the highest performance (mean R? = (.89,
RMSE = 0.77 mm day ). Correction coefficients ranged from 0.0014 to 0.0019 across the six zones, all lower
than the default 0.0023, confirming that the global coefficient systematically overestimates ETo in Iran. The closest
alignment with the correction coefficient (0.0019) was observed in the low-latitude low-elevation zone, while the
lowest coefficient (0.0014) was found in the high-latitude high-elevation zone.
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Future ETo Projections: ETo is projected to increase across all regions, with mean increases during the far future
period (2071-2090) ranging from 58% to 129% relative to the baseline. The highest increases were observed under
SSP5-8.5 in the high-latitude low-elevation zone (up to 128%), while the smallest increases were recorded in the
high-latitude high-elevation zone (58-85%). The CSI maps revealed a distinct gradient from northern and elevated
regions toward southern and low-lying areas, with high-latitude low-elevation and low-latitude low-elevation
zones identified as the most sensitive regions. Monthly analysis showed that the greatest absolute increases
occurred in summer (up to 15.5 mm month™ in July under SSP5-8.5), while the highest relative increases occurred
in winter (up to 182% in December).

Statistical Analysis: Tukey's HSD test revealed that only one pairwise comparison was statistically significant (p
< 0.05): SSP5-8.5 Far vs. SSP5-8.5 Near (mean difference = -30.0%, p = 0.0479). All other 35 pairwise
comparisons were not significant (p > 0.05). This indicates that despite substantial numerical differences between
scenarios and periods, most variations are not statistically distinguishable—except‘for the significant increase
under SSP5-8.5 from the Near to Far period. The ANOVA test confirmed significant differences in mean CSI
values across the six zones (P < 0.05), validating the effectiveness of the proposed zonation!

These findings align with previous studies in Iran and globally (Tabari et al., 2012; Goudaszi ¢t al, 2018; Soltani
et al., 2024; IPCC, 2021). The pattern of decreasing sensitivity with imereasing elevation CON)I‘EI‘[CS findings
from the Lake Urmia basin and Zagros highlands (Goudarzi et al., 2018; Soltani etyal., 2024). The seasonal
pattern—greater absolute increases in summer and greater relative ingfeases in auinter—-is consistent with
projections by Nouri and Veysi (2024). The substantial difference between SSP1-2.6 and SSP5-8.5 scenarios
(exceeding 35% in some zones) highlights that climate policy decisionsican directly affect the severity of future

water crises. \

Conclusion

This study presents the first national-scale regional calibration of the Hargreaves-Samani method for Iran. The
monthly linear calibration approach (mean R? = 0i89, RMSE'=0.%7 mm day ') outperformed other approaches,
with calibrated coefficients ranging from 0.0014 to 0.0019%ald lower'than the default 0.0023. Future projections
reveal a consistent increasing trend in ETo across all regions%i(h mean ifereases during the far future period
ranging from 58% to 129%. The high-latitude low-elévation zone \(central arid regions) exhibits the highest
sensitivity (up to 128%), while the high-latitude high-elevation zone (mountainous regions) shows the lowest
sensitivity (58-85%). The greatest absolute increases occur in summer (up to 15.5 mm month™), while the highest
relative increases occur in wintegy(up t0182%). Tukey's HSD test confirmed that only the increase under SSP5-
8.5 from the Near to Far period is statistically significant (p = 0.0479).

These findings provide'aserious warning about future water stress in the agricultural sector, highlighting the urgent
need for revisions|to cropping patterns—patticularly in central arid regions during summer—and the adoption of
climate-adaptive water, management strategies) Key recommendations include: (1) transitioning to drought-
tolerant crops, (2) regionalprioritization focusing,on Yazd, Isfahan, Semnan, and South Khorasan provinces, (3)
reducing ygreenhouse gas emissions consistent” with the SSP1-2.6 pathway, and (4) integrating future ETo
projectionsginto national v?s{lresource planning. Limitations include dependence on the accuracy of baseline
calibration and uncertainty in model projections. Future research should validate findings against lysimeter data
and ‘explere additional ’I&els and scenarios.

Ultimatelyyithis study demonstrates that Iran's water resource management must be restructured based on forward-
looking ETo prbjsc;t)ions; otherwise, the climatic pressure from increased evapotranspiration could surpass the
impactstof.reducedprecipitation, posing a serious challenge to Iran's food security.

Keywords: Potential evapotranspiration, Hargreaves-Samani calibration, Climate change, CMIP6, Climate
Sensitivity Index, Iran.
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Table 2. specifications of the CMIP6 models used in this study

Model Name and ~ Developing Developing

Assigned Code Country Country Resolution  Variant SSP126 SSP245 SSP370 SSP585




CanESM5 A Canada 579 rlilplfl v v v v
. 1.12 x .
BCC-CSM2-MR B China L2 rlilplfl v v v v
. 2.02 x .
FGOALS-g3 C China 5 00 rlilpl1fl v v v v
1.41 x .
MIROC6 D Japan L41 rlilplfl v v v v
NorESM2-LM E Norway 2i5§9x ditptft. v W v v v
1.41 x .
CNRM-CM6-1 F France 141 rlilplfl N v v
HadGEM3-GC31- G United 1.88 x B v
LL Kingdom 1.26
ACCESS-CM2 H Australia 1i8§ " v v
. 1.88 x
ACCESS-ESM1-5 I Australia 125 v v
2.50 x
IPSL-CM6A-LR J France v v
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Table 3. Comparative assessment of CMIP6 for maximum and minimum

temp
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Erro 1 8 1 9
temperatur 07
e KGE In o 072 057 045 065 060 062
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9790 7 7 3 0 2 0
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Observational data (base period 1995-2014) - 152 synoptic stations from the Iran Meteorological
Organization (IRIMO) Variables include: wind speed, relative humidity, sunshine hours, precipitation,
minimum temperature, maximum temperature

¥

Calculation of reference ETo using the Penman-Monteith method for each station and each day during the
base period (1995 to 2014)

A 4

Calculation of initial ETo using the Hargreaves-Samani (HS) method (with default coefficient
0.0023)

¥

Regional calibration of the HS method: comparison of four approaches (daily linear, monthly linear, daily
quadratic, monthly quadratic) for 6 climatic-elevation zones; extraction of correction coefficients (a) for
each zone; selection of the best method: monthly linear regression

¥

Downscaling of climate model data: three models: ACCESS-CM2, CNRM-CM6-1, IPSL-CM6A-LR under
three scenarios: SSP1-2.6, SSP2-4.5, SSP5-8.5 in three time periods: near future (2021-2050),
mid-century (2051-2070), far future (2071-2090)

¥

Bias correction (Bias Correction) using the Empirical Quantile Mapping (EQM) method for Tmin and Tmax
compared with observed data from the base period

¥

Weighted multi-model ensemble (Ensemble), calculation of weighting coefficients based on model
performance in the base period, integration of the outputs of the three models for each scenario and each
period

A 4

Calculation of future ETo using the HS method with application of regional correction coefficients;
calculation of the climate sensitivity index

op9 3 plml g g Jolye ¥ S50
Fig 2. research workflow and sequential steps of the study
CMIP6 Jow aw oS 5 5l Lidgi om0 ccoadBl sla Jow LSl jo @glas 51 iU slacaakd soe jals slaiea
S8kes sle 2 (9 P9, 3l o] whaw B osliinl 3 90 (conldl sl Joo slaosls uliie (28 (sl g w55 oolitu
2 aS ol Jas aS il dax 5lojls Sble (hgy cpl ol eolatul glaslic slaosls (gilwacs o Jaw 5ol slaosls



Db oo (2ol (il Joe Coalad pas 15 g 95l 0] (6, ey 0 6y e les S Jes g aLdS (gjlwdd
ale (G5 calyd s po (L) Joe jo 4y bgyye slod (2S0ke 5 Sz gl 5 iSTas les (G35 ol o ¥ 5o
' il Jaesiz S5 b, 5l eolaiwl L le o sl g5 5 00,5 Jleel o8l slagy L saisT (slassls jo s

il 31 ooliul gy Cilizko (5l ko (g1y (B ) 0593 50 Lyl 3,5 hos bl y Cilizko o Jun (39 o p F Jour

ouss 098 5o Losls 59
Table 4. Model weighting coefficients based on historical performance for diffeﬁlt variables, applied for

weighted averaging of future projections
Model Maximum Temperature Minimum Temperature Mean Te

ACCESS 0.33 0.357
CNRM 0.33 0.323
IPSL 0.34 032 W
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Corrected and Uncorrected Maximurm T!mperature KGE for studied Stations using ACCESS-CM2 Madel Corrected and Uncomected Minimum Temperature KGE for studied Stations using ACCESS-CM2 Model
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Fig. 3. Uncorrected (red) and EQM-corrected (blue) KGE values for minimum and maximum
temperatures across three models (ACCESS-CM2, CNRM-CM6, and IPSL-CM6A), demonstrating the
high performance of the EQM method in bias correction.
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Fig 4. changes in the climate sensitivity index across various climatic—altitudinal zones under different

scenarios (top: optimistic; middle: intermediate; bottom: pessimistic) and future periods (left to right:
near, mid, and far future)
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Fig. 6. Scatter plots of Penman—Monteith reference ETo against calibrated Hargreaves—Samani ETo

estimates using the monthly linear approach across six climatic—-altitudinal zones (monthly data, 1995—
2014), including calibration coefficients and performance metrics (R*, RMSE) for each zone
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Table 5. Comparison of four calibration methods for the Hargreaves—Samani modelacross climatic zones

of Iran and the modified coefficients for each zone. The results show that in low latitudes, especially in

medium and low elevation areas, the accuracy of evapotranspiration estimation is higher without applying
the respective correction coefficient.

Climatic—Altitudinal Zone Calibration Method R? RMSE ' Correction Coefficient

Linear Regression (Daily) 0.75 1.228 \
Linear Regression

(Monthly) 0.922 0.581

High Latitude — High Elevation Quadratic Equation (Daily) 0. 675 0 W 0.0014
Quadratic Equation S
(Monthly) 0.847 0.937

Linear Regression (Daily)  0.788 1.373
Linear Regression

High Latitude — Medium (Monthly) N & 0.759 0.0017
Elevation Quadratic Equation (Daily) "\ 0.726 " Wi .650 '
Quadratic Equation
. (Monthly) 0.839 1.149
Linear Regression (Daily) 0.658 1.883
Linear Regression 0861 0.769
. . 3 . - (Monthly) ' )
High Latitude — Low Elevation QUiaratic Baua tion—(Daily) 0.723 1878 0.0015
Quadratic Equation
(Monthly) 0.828 1.057
. Linear Regression (Daily) 0.742 1.300
Linear Regression 0918 0.643
3 o . (Monthly) ' )
Ly Latiflide — High BIEHRSY Quadratic Equation (Daily)  0.695 1.485 0.0016
Quadratic Equation
(Monthly) 0.843 0.953
\ Linear Regression (Daily)  0.700  1.669
Linear Regression
Low: Latitude — Medium (Monthly) 0.896 0.873 0.0017
Elevation Quadratic Equation (Daily)  0.638 1.904 '
Quadratic Equation
| (Monthly) 0.798 1.272
Linear Regression (Daily) 0.590 2.150
Linear Regression 0.847 0984
Low Latitude — Low Elevation (Monthly) 0.0019

Quadratic Equation (Daily)  0.485 2.810
Quadratic Equation
(Monthly) 0.728 1.636
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Table6. Changes in pdtential'evapotranspiration in six climatic zones of Iran under future climate scenarios
compared to the base period, showing an increase in evapotranspiration across all scenarios.
Climatic— o . o o
Altitudinal ZOA Near Future (%) Mid Future (%) Far Future (%)
7 SSP126  SSP245 SSP585 SSP126  SSP245 SSP585 SSP126  SSP245 SSP585
High Latitude-
High Elevationh 85 95 16 60 64 27 62 70 85
High Latitude —
Medium Elevation 80 81 83 83 86 94 84 92 107
High Latitude = g¢ 89 90 91 95 104 92 102 128
Low Elevation
Low Latitude —
High Elevation 74 75 76 76 79 84 77 83 95
Low Latitude - 75 76 77 73 75 82 78 82 87

Medium Elevation
Low Latitude —

Low Elevation 71 71 73 72 80 79 73 78 93
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    k  r s  n e w


  E   T 0 =   0 . 408 Δ (   R  n − G ) + 𝛾  900  T + 273   u 2 (   e  s −   e  a )  Δ + 𝛾 ( 1 + 0 . 34   u 2 )


  PET =   
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    k  r s  n e w = 0 . 0023 .     P M  e s t i m a t e d  H S


    k  r s  n e w


    C S I  i   =  (       E T O  o , i  f u t u r e -   −       E T O  o , i  b a s e l i n e -        E T O  o , i  b a s e l i n e -       ) × 100  
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