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Background and Objectives: This research presents a method to
investigate and analyze the spatial and temporal patterns of potential
evapotranspiration (£7,) in Zayandehroud basin. Due to the importance of
water resource management, efficient methods are needed to predict
evapotranspiration (ET). Although these patterns have been studied in
various ways, a method that can estimate E7, for dry, normal, and wet
periods with a daily time step over a hundred years has not yet been
presented. In this study, a hybrid method for the temporal and spatial
analysis of E7, was developed for the Zayandehroud basin as the research
area. This method considers the daily time step and uses a relatively dense
network of points at the basin level.

Materials and Methods: The proposed method combines three approaches:
harmonic, stochastic, and Monte Carlo methods, to model and predict ET,.
The harmonic method helps analyze periodic, seasonal, and annual patterns
of data, the stochastic method simulates natural fluctuations in data, and the
Monte Carlo method is used to analyze different weather scenarios. In the
hybrid method, the harmonic function was first fitted to the maximum and
minimum air temperature data of all stations in the Zayandehroud basin
and its surroundings over a 26-year period, from 1994 to 2019. Then, the
statistical distribution of the residuals and the correlation between the air
temperature parameters were determined, followed by the steps of random
number generation. Using stochastic and Monte Carlo methods, 100 years
of statistics for extreme air temperature variables were generated daily,
allowing ET, to be calculated in the next step using the Hargreaves-
Samani method. Estimation of £7,, was done in a dense network of points
over the basin by the inverse squared distance method to obtain spatial
patterns. By using the percentile index-20% for mild drought, 50% for
normal, and 80% for mild drought-different humidity conditions were
investigated. Validation was performed for the normal period of the hybrid
model, where model data were compared with observed values in the
agricultural areas of the basin during the wheat cultivation period (PWC).
Correlation tests and one-way ANOVA were used to assess the significance
of the mean differences and confirm the accuracy of the model results.
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Results: An increasing trend of E7, was observed in all agricultural areas
throughout the basin. The slope of the trend, according to the Sen method,
ranged from 1.28 mm/PWC in the lands downstream of Khamiran Dam to
3.73 mm/PWC in Mahyar and Jarguyeh lands. The shortest growing period
for wheat was observed in Roudasht with 211 days, while Fereidunshahr
had the longest growing period of 288 days. Consequently, the expected
ET, values under normal conditions were approximately 598 millimetres
for Roudasht and 795 millimetres for Fereidunshahr in PWC. Investigations
at the watershed level showed that the E7, value in the mountainous
regions of the basin typically varied between 1299 and 1515 mm/y under
normal conditions. In contrast, the flat eastern areas had E7, values
between 1524 and 1609 mm/y. Under moderately dry conditions, E7,
values in the higher regions ranged from 1320 to 1540 mm/y, while in the
flat areas, they ranged from 1547 to 1644 mm/y. The same changes were
estimated to range from 1276 to 1460 mm/y in the mountainous regions
and from 1491 to 1583 mm/y in the plains.

Conclusion: The results show that using a hybrid approach improves
the understanding of evapotranspiration patterns in a basin, increases
prediction accuracy, and facilitates the analysis of events under different
climatic conditions.
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1- The Surface Energy Balance Algorithm for
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2- Harmonic Oscillator Seasonal Trend
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Figure 1. Location map of Zayandehrud River Basin and the temperature measurement stations.
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Table 1. Characteristics of meteorological stations with maximum and minimum daily temperature measurements.

S dE e Ly sl SE e s,
Data length End Start Year Altitude A sELA Code Stations Row

(years) Year (m) Longitude  Latitude
26 2019 1994 1549 51-42-25 32-31-04 40800 Esfahan 1
26 2019 1994 1541 51-51-46 32-44-42 40802 Shargh Esfahan 2
26 2019 1994 1541 51-50-02  32-30-54 40803 Kabutarabad 3
26 2019 1994 2323 50-24-25  32-59-17 40787 Daran 4
26 2019 1994 1856 51-48-36 31-58-55 40815 Shahreza 5
26 2019 1994 1634 512320 32-36-14 99497 Najafabad 6
26 2019 1994 1678 51-27-03  32-21-32 99506 Mobarakeh 7
14 2016 2003 1864 50-53-43  32-29-56 42009 PolZamankhan 8
9 2011 2003 1890 51-09-21 32-42-12 42014 Tiran 9
15 2018 2004 1997 50-53-26  33-08-18 42537 Khundab 10
8 2010 2003 2388 50-29-42  33-01-06 42004 DamaneFraidan 11
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bedp bl Gegs O A RE s,
Data length End Start Year Altitude A A Code Stations Row
(years) Year (m) Longitude  Latitude
16 2018 2003 1624 51-29-55  32-30-07 42017 ZefreFalavarjan 12
16 2018 2003 2140 50-44-31 32-44-07 42007 SadZayandehroud 13
12 2018 2007 1996 51-00-36  32-46-16 42463 SadKhamiran 14
16 2018 2003 2085 50-27-11 32-39-46 42003 GhaleShahrokh 15
16 2018 2003 1878 52-26-22  32-45-03 42032 Kuhpayeh 16
16 2018 2003 1603 52-05-28  32-19-10 42932 MohammadabadJarguye 17
16 2018 2003 1670 51-28-50  33-04-42 42024 Murchekhort 18
16 2018 2003 1663 51-48-32  32-16-09 42042 Mahyar 19
16 2018 2003 1982 51-29-10  33-25-03 42022 Vazvan 20
10 2018 2009 2363 51-52-25  31-37-07 42988 Hunejan 21
22 2015 1994 2329 50-07-30  32-27-25 40797 Kuhrang 22
17 2015 1999 2012 51-10-30  33-27-07 99447 Meymeh 23
11 2015 2005 1717 51-22-37  32-23-56 99507 Zarrinshahr 24
22 2015 1994 1870 50-17-01 33-28-07 99417 Golpayegan 25
18 2016 1999 2184 52-07-44  31-31-48 99516 IzadKhast 26
11 2014 2004 2547 50-07-40  32-56-24 99489 Fereidunshahr 27
13 2015 2003 1967 50-54-39  32-27-07 99504 Saman 28
22 2015 1994 2065 50-51-10  32-1941 40798 Shahrekord 29
22 2015 1994 2235 51-17-34  31-57-50 99459 Borujen 30
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Figure 2. Conceptual model of relationships between ET, calculated from the hybrid model and E7), confirmed
by the plant simulation model in Zayandehrud river basin.
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4- Prespecified Linear Models
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Table 2. Parameters of the harmonic function for the maximum and minimum temperature variables in the
stations inside and around the Zayandehrud basin.

Sla, Gl glos aiaS S pesls il o

Gl sl gbos i SSseole il o

bl

bl{;'w«.i.

Harmonic Parameters (Daily Tmin) Harmonic Parameters (Daily Tpax) . >
Code Stations Row

(© (b) (a) © (b) (a)

193 11.562 9.716 208 134 24.378 40800 Esfahan 1
193 11.463 6.675 209 13.651 24.344 40802 Shargh Esfahan 2
193 10.895 7.33 209 13.451 24.511 40803 Kabutarabad 3
200 11.009 4.805 212 13.597 17.872 40787 Daran 4
192 10.632 7.123 208 12.863 22.474 40815 Shahreza 5
195 11.267 9.211 208 13.258 23.903 99497 NajafAbad 6
193 10.804 6.798 208 12.905 23.898 99506 Mobarakeh 7
199 8.646 3.521 207 13.18 23.002 42-009 PolZamankhan 8
202 10.798 7.307 212 13.251 23.935 42-014 Tiran 9
206 10.391 2.001 215 14.488 19.31 42-537 Khundab 10
203 10.666 1.01 211 13.632 18.515 42-004 DamaneFraidan 11
195 10.371 5.857 210 12.433 24.966 42-017 ZefreFalavarjan 12
206 11.2 4.443 211 14.397 20.18 42-007 SadZayandehroud 13
200 11.429 4.384 209 13.004 21.764 42-463 SadKhamiran 14
199 8.215 -0.424 213 13.938 20.216 42-003 GhaleShahrokh 15
202 12.661 7.238 208 13.255 22.9 42-032 Kuhpayeh 16
199 12.279 7.703 208 13.109 25.207 42-932  MohammadAbadJarghuye 17
190 13.295 9.589 216 13.383 24.616 42-024 Murchekhort 18
202 11.766 9.327 208 12.727 24.665 42-042 Mahyar 19
200 12.082 5.008 212 13.391 21.581 42-022 Vazvan 20
205 10.025 4.96 206 12.109 20.483 42-988 Hunejan 21
208 10.294 3.158 213 14.264 16.579 40797 Kuhrang 22
202 11.108 4.45 210 13.658 20.244 99447 Meymeh 23
198 11.535 7.749 207 13.08 24316 99507 Zarrinshahr 24
206 11.45 8.21 211 13.962 20.839 99417 Golpayegan 25
203 10.24 6.949 207 12.288 20.721 99516 IzadKhast 26
210 10.598 4.507 213 13.804 15.791 99489 Fereidunshahr 27
207 10.089 6.589 210 13.356 20.174 99504 Saman 28
201 9.299 2.605 211 13.385 20.36 40798 Shahrekord 29
201 9.133 3.386 210 13.071 18.91 99459 Borujen 30

(a) Annual Average, (b) Amplitude, (c) Position of Maximum

\a'
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Table 3. Potential evapotranspiration variations in different irrigation zones of Zayandehrud basin during
wheat cultivation period using plant simulation model and observational data (1994-2021).

- N , e \?w‘ MY —. I 3 3
IR A RN DO N

LS TR T S I R
L% 2% Zp 58 52 F Sf: §i: ;i £ §f ER ¢
L - Z 0TS g < = % F
746 702 694 696 692 674 733 720 621 614 611 576 567 1994
752 710 695 704 702 675 733 708 607 598 595 556 548 1995
748 722 711 716 712 672 708 684 630 622 619 577 567 1996
756 745 732 739 736 681 747 723 641 635 633 594 583 1997
80 797 785 791 788 771 721 699 699 692 689 644 632 1998
842 815 801 810 807 764 743 721 707 704 704 658 645 1999
809 794 780 788 785 736 751 728 695 690 690 643 630 2000
78 782 768 776 773 716 751 725 675 674 674 624 609 2001
823 767 768 764 757 747 734 713 642 639 641 602 595 2002
789 774 778 773 766 745 776 737 655 647 644 610 602 2003
785 759 770 755 747 731 754 714 640 642 641 605 597 2004
817 787 768 78 780 764 774 730 663 665 665 625 617 2005
759 739 744 737 732 704 774 732 613 613 612 579 572 2006
842 814 813 814 811 806 748 705 691 688 685 653 645 2007
781 770 769 771 766 734 764 740 641 631 630 607 601 2008
834 808 799 809 803 796 770 739 684 677 675 646 638 2009
831 822 813 81 813 796 768 746 681 681 680 645 634 2010
784 758 755 759 750 757 T72 747 628 628 629 595 586 2011
814 782 767 783 773 780 721 714 657 656 654 619 609 2012
794 779 783 779 769 763 754 747 640 640 636 613 603 2013
839 808 810 808 798 802 754 748 671 672 662 643 633 2014
858 808 816 807 796 790 743 739 671 670 664 645 636 2015
881 811 822 810 800 819 738 730 683 684 680 653 644 2016
891 819 836 816 807 825 732 721 681 683 681 651 642 2017
826 760 783 757 747 758 721 711 637 635 631 614 605 2018
806 780 778 768 757 7128 1763 758 675 671 672 632 626 2019
800 837 832 85 813 812 759 742 739 728 728 689 684 2020
860 828 821 824 818 776 776 760 725 714 713 676 670 2021
814 781 778 778 771 754 749 728 664 661 659 624 615  Average
363 279 327 273 235 392 0.72 147 184 191 183 245 252 Szrs‘nsrj‘a‘;epe
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Figure 3. ET, values, moving average and Sen slope of the data time series.
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Table 4. Correlation analysis and one-way ANOVA analysis of ET), values of the hybrid method with values

obtained from observational data.

Sman LT ey o g gaes 331 a5 Sl o ke ool ool
Correlation ANOVA® Squares Sum of df Square Mean F Sig.
1 Regression 148213.3 1 148213.3 563.1 0.000"
Residual 4474.5 17 263.2
Total 152687.9 18
* Dependent Variable: ETp_Hybrid_Calc
® Predictors: (Constant), ETp _Simulation_Obs
4 by bty U] R < Sre Sl il N 95% Confidence Interval taS i
One-Way ANOVA Std. i for Mean . .
L N Mean . Std Minimum Maximum
Descriptives Deviation . Lower Upper
Error Bound Bound
South Obs 28 615.0 32.0 6.0 602.6 627.4 548.0 684.0
Roodasht
Calc 100 598.2 1.3 0.1 598.0 598.5 595.0 601.0
Total 128 601.9 16.4 1.4 599.0 604.8 548.0 684.0
One-Way ANOVA Sum of g Mean F Sig.
Squares Square
South Between (Combined) 6160.045 1 6160.045 27.892 0.000
Roodasht Groups ’ ’ ’ ’
Lincar Unweighted  6160.045 1 6160.045 27.892 0.000
Term
Weighted 6160.045 1 6160.045 27.892 0.000
Within 27827.837 126  220.856
Groups
Total 33987.882 127
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Figure 4. The differences between calculated and observed E7p values for the irrigated areas of the
Zayandehrud basin.
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Figure 5. Spatial delineation of ETp variation in zayandehroud basin A: digital elevation map of basin,
B: Potential evapotranspiration delineation map in mild wet conditions, C: Potential evapotranspiration delineation
map in normal conditions, D: Potential evapotranspiration delineation map in mild drought conditions, E: Potential
evapotranspiration changes in sub-basins of the study area for different weather conditions.
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Table 5. One-way ANOVA analysis to investigate the difference in mean E7,, in the plains and mountainous
areas under normal weather conditions of the Zayandehrud basin.

PR Oliabsl aloli
2 2 & 4 . £ £
9y B 3 g j\ = 9 8 95% Confidence Interval for Mean 5 -
} £ 12938 73 34 1 E g
8 a R j [a) 3 29, g %
A > '[% - #  Lower Bound Upper Bound = =
Olies S
11 14542 60.4 18.2 1413.6 1494.8 1320.4 1539.5
Mountain
s
ETp Dry 19 1596.8 32.1 7.4 1581.3 1612.2 1547.3 1643.7
Plain
& 30 1544.5 82.3 15.0 1513.7 1575.2 1320.4 1643.7
Total
Olies S
11 14222 62.9 19.0 1379.9 1464.5 1299.0 1515.3
Mountain
s
ETp Normal 19 1573.2 28.5 6.5 1559.5 1586.9 1523.8 1609.0
Plain
& 30 1517.8 85.7 15.6 1485.8 1549.8 1299.0 1609.0
Total
Olies S
11 1389.3 68.7 20.7 1343.1 1435.4 1276.3 1490.1
Mountain
s
ETp Wet 19 1548.7 25.5 5.9 1536.4 1560.9 1491.5 1583.3
Plain
& 30 1490.2 90.2 16.5 1456.5 1523.9 1276.3 1583.3
Total
ANOVA Slay o g gares 33T am s Sl e ke oslal oslal
Sum of Squares df Mean Square F Sig.
Between Groups 141592.303 1 141592.303 72.056 0.000
ETp Wet Within Groups 55020.664 28 1965.024
Total 196612.967 29
Between Groups 158835.894 1 158835.894 82.056 0.000
ETp Normal Within Groups 54199.349 28 1935.691
Total 213035.243 29
Between Groups 176966.945 1 176966.945 84.139 0.000
ETp Dry Within Groups 58891.789 28 2103.278
Total 235858.735 29
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Figure 6. Temporal pattern of ET, in zayandehRoud basin A: Monthly pattern of ET, in normal conditions,
B: Maximum temperature variations in Esfahan station for 1994, and C: Daily variations of E7, during
the growing period of wheat in South Rudasht network.
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