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Abstract: Among the various approaches used to estimate evapotranspiration (ETy), the FAO Penman-Monteith (PM)
model is recognized as the standard method. However, the requirement for extensive data limits the application of this
method. The Penman Group (PG) models, by separating the contributions of aerodynamic and energy balance
components, are widely used for calculating d are equal to 0.1 and 0.537, respectively; in the Penman-Kimberly (PK)
model, they are 0.75 and 0.993, respectively; and in the Allen-Pruitt (AP) model, they are 0.1 and 0.862, respectively
(Table 2). Therefore, in this study, three different versions of the Penman model were used. To calibrate the
investigated models, the sum of squared errors (SSE) method was employed.

Results and Discussion: ET, values were calculated using the Penman group models (P, PK, and AP) for the selected
stations and compared with the standard method. The results Fig. 2 and Table 3 showed that, for all studied stations,
all Penman group models overestimated ET, compared to the standard method. The highest agreement was observed
for the P model (Penman, 1963), with agreement coefficients of 0.95, 0.98, 0.98, 0.99, 0.97, 1.00, and 0.97,
respectively, for Ardabil, Aligoudarz, Bijar, Torbat-e Jam, Rafsanjan, Zabol, and Manjil. The lowest agreement
belonged to the PK model (Penman-Kimberly, 1972), with agreement coefficients of 0.91, 0.88, 0.90, 0.90, 0.88, 0.89,
and 0.85 for the same stations. Therefore, the P model was selected as the best-performing model for all stations and
was calibrated by adjusting the wind function coefficients (F,,) through the error minimization method (least squares).
After calibration, the ET, values estimated by the adjusted Penman model (Adjusted-P) became closer to those
estimated by the standard method. The model efficiency (EF) also improved after calibration, reaching values of 0.99,
0.98, 0.99, 1.00, 1.00, 0.99, and 1.00 for Ardabil, Aligoudarz, Bijar, Torbat-e Jam, Rafsanjan, Zabol, and Manjil,
respectively. The relationship between average wind speed and the average contribution of energy balance and
aerodynamic components at the daily scale was also plotted for the studied stations. Results indicated that, for all
stations, as wind speed increased, the contribution of the acrodynamic component clearly and significantly increased
(Fig. 3). Subsequently, the contributions of the aerodynamic and energy balance components were calculated for the
calibrated Penman model. The contribution of the aerodynamic component was found to be considerable across all
stations, particularly pronounced at Zabol station, which has the highest average wind speed (Table 5). Therefore, the
role of this component which reflects airflow and wind speed in determining ET, values cannot be ignored.
Consequently, using simplified alternative models for ET, estimation that do not account for wind speed, such as
radiation-based or temperature-based models, should be accompanied by appropriate calibration and adjustment of
their coefficients to ensure accuracy in windy regions.

Conclusion: The results indicate that as the average wind speed increases, the contribution of the aerodynamic
component rises across all investigated stations. Overall, the contribution of the aerodynamic component is
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considerable compared to that of the energy balance component at all studied stations, with this effect being particularly
pronounced at Zabol station, which has the highest average wind speed. Therefore, given the significant influence of
airflow and wind speed on the magnitude of ET, in windy regions, implementing measures such as installing natural
or artificial windbreaks in these areas could substantially contribute to reducing ET, and, consequently, improving
water resource management. However, the effectiveness and practical implementation of such measures require further
extensive investigation.
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Table 1 Geographical specifications and average daily values of meteorological parameters at the investigated stations

Station Latitude longitude Ele(vrill;ion Tempeture Hul:n(;:;tti;?% ) Su?lfl{l)ine W?Ilnd/sipc;ed
Ardabil 38.219 38.329 1335 9.8 71 6.9 3
Aligudarz 33.408 49.703 2022 13 40 8.7 3.6
Bijar 35.886 47.621 1883 12 48 8.2 2.5
Torbat jam 35.295 60.565 950 16 45 8.6 3.1
Rafsanjan 30.383 55.933 1524 19 26 9.1 2.1
Zabol 31.089 61.543 489 23 29 9.2 5.1
Manjil 36.729 49.410 338 18 60 7.5 4.3
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Fig. 2 Average daily values for the investigated stations during the study period
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Table 3 Statistical index values using Penman group models for estimating at the studied stations

Station EToem Model ET.pc) RMSE NRMSE MBE r d
P 3.31 0.71 0.27 0.67 1.25 0.95
Ardabil 2.64 PK 3.60 1.00 0.38 0.95 1.36 0.91
AP 3.57 0.96 0.36 0.92 1.35 0.91
P 5.73 0.80 0.16 0.77 1.16 0.98
Aligudarz 4.95 PK 7.04 2.21 0.45 2.08 1.42 0.88
AP 6.81 1.95 0.39 1.85 1.37 0.90
P 4.98 0.79 0.19 0.73 1.17 0.98
Bijar 4.24 PK 5.91 1.81 0.43 1.66 1.39 0.90
AP 5.77 1.65 0.39 1.52 1.36 0.92
Torbat P 6.22 0.83 0.15 0.78 1.14 0.99
jam 5.44 PK 7.73 2.69 0.49 2.28 1.42 0.90
AP 7.46 2.33 0.43 2.01 1.37 0.92
P 6.27 0.73 0.13 0.71 1.13 0.97
Rafsanjan 5.55 PK 7.14 1.64 0.30 1.59 1.29 0.88
AP 7.12 1.62 0.29 1.57 1.28 0.89
P 9.20 0.59 0.07 0.56 1.07 1.00
Zabol 8.64 PK 12.24 4.20 0.49 3.59 1.42 0.89
AP 11.63 3.40 0.39 2.99 1.35 0.92
P 5.70 1.12 0.24 0.96 1.20 0.97
Manyjil 4.74 PK 7.15 2.92 0.62 2.41 1.51 0.85
AP 6.85 2.53 0.53 2.11 1.45 0.88
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Table 4 Statistical performance indices of calibrated models compared to uncalibrated models

Station  ETeeyy  Model b, a, RMSE NRMSE MBE r d EF ET.
Ardabil P 0.537 100  0.71 0.27 0.67 125 095 095 331
2.64  Adjusted-P 0267 0230 0.32 0.12 024 109 099 099 289

Aligudarz P 0.537 1.00  0.80 0.16 077 116 098 091 573
495  Adjusted-P  0.460 0.500  0.37 0.07 0.11 1.02 099 098 5.06

Bijar P 0.537 1.00  0.79 0.19 073 1.17 098 090 498
424  Adjusted-P 0319 0.847  0.30 0.07 0.11 1.03 1.00 099 435

Torbat jam P 0.537 1.00  0.83 0.15 078 1.14 099 094 622
544  Adjusted-P 0481 0411 0.3 0.04 0.04 1.01 1.00 1.00 548

Rafsanjan P 0.537 100  0.73 0.13 071 1.13 097 087 6.27
555  Adjusted-P  0.588 0344  0.10 0.02 0.00 100 1.00 100 556

Zabol P 0.537 1.00  0.59 0.07 0.56 107 1.00 0.99 920
8.64  Adjusted-P 0.528 0.567  0.43 0.05 -0.14 098 100 099 850

Maniil P 0.537 1.00  1.12 0.24 096 120 097 083 570
474  Adjusted-P_ 0370 0.517  0.19 0.04 0.04 100 1.00 1.00 4.78
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Fig. 3 Relationship between average wind speed and average contribution of energy balance (* ) and aerodynamic ( * )
components at daily scale for the investigated stations during the study period
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Table 5 Percentage of acrodynamic (A) and energy balance components (EB) in

Sl

ETy ,0 &5 0519 9

Station

Ardabil

Aligudarz

Bijar

Torbat jam

Rafsanjan

Zabol

Manyjil

Contribution of]
components

Aerodynamic

Energy

Aerodynamic

Energy

Aerodynamic

Energy

Aerodynamic

Energy

Aerodynamic

Energy

Aerodynamic

Energy

Aerodynamic

Energy

Jan.

26.2

73.8

43.4

56.6

26.5

73.5

314

68.6

43.9

56.1

49.8

50.2

373

62.7

Feb.

12.1

87.9

344

65.6

22.8

77.2

322

67.8

45.5

54.5

43.9

56.1

25.8

74.7

Mar.

7.6

92.4

29.1

70.9

28.0

72.0

26.2

73.8

38.6

61.4

42.9

57.1

34.0

66.0

Apr.

8.6

91.4

34.1

65.9

352

64.8

242

75.8

36.6

63.4

48.6

34.5

65.5

May

7.0

93.0

30.2

69.8

24.8

75.2

38.5

61.5

332

66.8

46.3

53.7

28.1

71.9

Jun.

5.1

94.9

33.0

67.0

28.7

71.3

39.2

60.8

33.8

66.2

56.5

435

32.7

67.3

Jul.

6.6

93.4

38.8

61.2

29.6

70.4

44.0

56.0

32.8

67.2

63.5

36.5

37.7

62.3

Aug.

8.4

91.6

41.5

58.5

324

67.6

46.4

53.6

323

67.7

65.0

35.0

394

60.6

Sep.

9.4

90.6

42.6

57.4

37.8

62.2

46.4

53.6

349

65.1

62.4

37.6

35.1

64.9

Oct.

10.0

90.0

435

56.5

39.9

60.1

42.7

57.3

33.2

66.8

53.5

46.5

36.8

63.2

Nov.

24.5

75.5

493

50.7

47.8

522

42.8

57.2

345

65.5

54.7

453

32.6

67.4

Dec.

18.5

81.5

43.9

56.1

37.0

63.0

36.9

63.1

44.0

56.0

553

44.7

32.1

67.9

Annule

12.0

88.0

38.6

61.4

325

67.5

37.6

62.4

36.9

63.1

53.5

46.5

33.8

66.2

Difference
A and EB

0.76

22.8

0.35

24.8

26.2

324

Yy
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5- List of symbols

Empirical coefficients of the
wind function
Actual vapor pressure
Saturated vapor pressure
Reference plant
evapotranspiration
Wind function
Units constant

a,, b, (unitless)

e, (KPa)
es (KPa)

ET, (mm/day)

E,, (unitless)
Kw (unitless)

G (M]/m?d) Soil heat flux

R, (M]/m*d) Incoming radiation

T (°C) Average daily air temperature
Daily wind speed at a height

Uz (m/s) of two meters

A (KPa/°C) Slope of vapor pressure curve

o Psychrometric constant
v (KPa/*C) coefficient
A(M]/ kg) latent heat of vaporization

The evapotranspiration

0; calculated by the FAO
Penman—Monteith model

The evapotranspiration

P; estimated by the evaluated
models
B The mean evapotranspiration
0 calculated by the FAO
Penman—Monteith model
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