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ARTICLEINFO ABSTRACT

Article type: Combination-based equations such as the Penman-Monteith (PM)
Research Article model provide robust estimates, they require extensive
meteorological data, which are often unavailable. Simpler empirical
models such as the Turc (T) model which relies primarily on
radiation and temperature are widely adopted as practical
alternatives. In addition to radiation and air temperature, wind speed
plays a critical role, particularly in regions prone to high winds.
This study investigates the impact of wind speed on the accuracy of

Article History: the Turc method and to develop a modification coefficient for the
5?;:}183626 mentioned model in seven windy regions of Iran, including Ardabil,
Received in revised form: Aligoodarz, Bijar, Torbat-e Jam, Rafsanjan, Zabol, and Manjil. The
8 June 2026 study utilized 25 years of daily meteorological observations. The
Accepted: original coefficients of the Turc model group were not suitable for
iig;?;;ngn“ne: the stations in Aligoodarz, Bijar, Torbat-e Jam, Rafsanjan, Zabol,
16 August 2026 and Manjil. The best corrective coefficients for the selected model

at the Aligoodarz and Bijar stations, calculated using the sum of
squared errors method, were 0.18 and 0.0169, respectively. For the
stations in Torbat-e Jam, Rafsanjan, Zabol, and Manijil, a regression
relationship was established between wind speed and the corrective
coefficient of the selected model. The ETy values obtained through
this approach exhibited excellent agreement with the standard

Keywords: Penman-Monteith (PM) method, as evidenced by NRMSE values of
Potential 0.04, 0.05, 0.07, and 0.06, respectively, and EF values exceeding
Evapotransplrat{on, 0.98 for all four stations. In contrast, for the Ardabil station, the
Penman—Monteith, .. .. .

Wind Speed original coefficients of the Turc model group yielded acceptable
Adjustment Factor. results, with an NRMSE below 0.21.
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Extended Abstract

Introduction

Water scarcity has emerged as one of the
most critical environmental constraints on
plant growth in many regions worldwide.
Accordingly, accurate evapotranspiration
(ET) estimation is vital for determining
crop water requirements. The FAO-
recommended Penman-Monteith  (PM)
model is the globally accepted standard for
calculating reference evapotranspiration
(ETo). However, its application is often
hindered by the need for extensive
meteorological data, which are frequently
incomplete or unreliable. Due to these
limitations, scholars increasingly turn to
simpler models requiring fewer inputs.
Among these alternatives, radiation- and
temperature-based models are the most
widely used for ETo estimation. Among
these, the Turc model is one of the simplest
and most accurate empirical methods. Solar
radiation intensity and air temperature are
the primary  meteorological  factors
influencing ETO. Nevertheless, in certain
locations, such as windy areas, wind speed
also plays a crucial role. Thus, the
objectives of this study are twofold: first, to
investigate the impact of wind speed on the
accuracy of the Turc model in the windy
regions of Iran, and second, to enhance the
performance of this simple model by
developing a modification coefficient for
the Turc model employing average wind
speed values.

Methodology

In this study, based on a review of the
literature, the meteorological stations of
Ardabil, Aligoodarz, Bijar, Torbat-e Jam,
Rafsanjan, Zabol, and Manjil were selected.
These stations were chosen due to their
consistently high wind speeds compared to
other synoptic stations in the country. The
meteorological data used include air
temperature, solar radiation, relative
humidity, sunshine hours, and wind speed
on a daily scale for the time period from
2000 to 2024. In this research, the Penman-
Monteith (PM) model was utilized as the
standard method for evaluating and
calibrating the Turc model. The Turc model
(T) is one of the simplest and most accurate

empirical models, which was first applied
in Western Europe. The Turc model can
provide reliable estimates of ETO. Various
researchers have modified the model
proposed by Turc (1961) for different
regions. Several studies have shown that the
T model tends to underestimate ETO in
windy areas. Therefore, in this study, three
different versions of the Turc model were
employed. To calibrate the T model, three
commonly adopted methods from previous
research  were applied. Method 1)
Reference evapotranspiration values are
estimated daily using the Penman-Monteith
(ETo(PM)) and Turc (ETo(T)) models.
Subsequently, by calculating the ratio
ETo(PM)/ETo(T), the correction factor for
the Turc method (parameter a) is obtained
at the specified scale.

Method 2: The Turc-group models are
expressed as regression equations of the
form y=ax, in which ETo is considered the
dependent variable. Calibration of these
models is based on the least squares
criterion. According to this criterion, the
parameter o is estimated such that the sum
of squared errors (observed values minus
predicted values) is minimized as much as
possible. This procedure is performed using
the Solver option in Microsoft Excel.
Method 3) A regression relationship is
developed between the parameter o
calculated from Method 1 and wind speed
(treated as the independent variable).
Therefore, in this method, a is not merely a
single constant value, but rather a
regression equation adjusted based on wind
speed.

In this study, 60% of the data (15 years:
2000-2014) were used for calibration, and
40% of the data (10 years: 2014-2024)
were used for evaluation. In order to
comprehensively evaluate the models, the
performance criteria RMSE, NRMSE,
MBE, r, d, and EF were utilized in this
study

Results and Discussion

The results indicated that the T model, prior
to calibration, did not provide a suitable
estimate of ETO compared to the standard
PM model for the stations of Aligoodarz,
Bijar, Torbat-e Jam, Rafsanjan, Zabol, and
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Manjil. The Zabol station exhibited the
weakest results, with RMSE values
exceeding 5.5 and d values lower than 0.64
for all evaluated models. In contrast, the
Ardabil  station, without calibration,
indicated a very close agreement with the
ETO values estimated by the standard
model, achieving d values higher than 0.96
and RMSE values below 0.56 for all
evaluated models. Across all studied
stations, and based on the provided
statistical indices (highest values of r and d,
and lowest values of RMSE and MBE), the
T(2) model demonstrated the highest
agreement with the standard model.
Therefore, the T(2) model was selected as
the preferred model, and its correction
coefficient was adjusted employing three
methods.

For the stations of Torbat-e Jam, Rafsanjan,
Zabol, and Manjil, all three correction
methods substantially improved the ETo
estimation results. However, the correction
method according to the regression
relationship between parameter o and wind
speed (Method 3) provided the best results,
with NRMSE values of 0.04, 0.05, 0.07,
and 0.06, EF values of 0.99, 0.98, 0.98, and
0.98, and d values of 0.99 for all the
aforementioned stations, respectively.

For the stations of Ardabil, Aligudarz, and
Bijar, no significant relationship was found
between parameter o and wind speed. At
the Ardabil station, all the investigated
models had already produced satisfactory
results before correction; however, after
calibrating the selected T2 model, both
approaches a=0.0126 obtained from the
ratio ETO(PM)/ETO(T), and 0=0.0117
obtained utilizing the Solver option by
minimizing the squared errorsslightly
reduced the error and increased the
efficiency coefficients.

For the Aligudarz and Bijar stations, the
ETo estimation results were also greatly
improved using both of the aforementioned
methods. In these two stations, the
least-squares error minimization method
using the Solver tool provided slightly
better results, with the highest EF values
(0.94 and 0.97) and the lowest NRMSE
values (0.12 and 0.09) and MBE values
(—0.02 and —0.13) for Aligudarz and Bijar,
respectively.

The evaluation results at the monthly scale
exhibited that, for the Ardabil station, the
ETo values obtained from the Turc (T)
method before and after correction differed
only slightly from those of the standard
method, and after correction, these results
became even closer to the standard method.
In contrast, for the stations of Aligudarz,
Bijar, Torbat-e Jam, Rafsanjan, Zabol, and
Manjil, the ETo values estimated by the
selected method showed considerable
differences from the standard method
before correction. However, after applying
the correction coefficient, they exhibited
very good agreement with the standard
Penman—Monteith (PM) method.

Conclusion

Radiation- and temperature-based models
are among the most common and widely
used approaches for estimating reference
evapotranspiration (ETo) worldwide.
However, in windy regions, in addition to
solar  radiation intensity and  air
temperature, wind speed also plays a very
important role in ETo estimation. In this
study, the performance of Turc-group
models with their original coefficients was
evaluated against the standard Penman—
Monteith (PM) model for seven windy
synoptic stations in Iran. The results
indicated that, for all servey stations, the T2
model demonstrated the highest agreement
with the standard model. For the stations of
Ardabil, Aligudarz, and Bijar, no suitable
regression relationship was found between
the parameter o and wind speed, and the
best results were obtained using the
least-squares error minimization method. At
the Ardabil station, model calibration
improved the results with NRMSE and EF
values of 0.06 and 0.99, respectively. At the
Aligudarz station, the results also enhanced
after calibration, with NRMSE and EF
values of 0.12 and 0.94, respectively.
Similarly, for the Bijar station, calibration
improved the results, yielding NRMSE and
EF values of 0.09 and 0.97, respectively.
For the stations of Torbat-e Jam, Rafsanjan,
Zabol, and Manjil, the best results were
obtained by establishing a regression
relationship between the parameter o and
wind speed. At the Torbat-e Jam station,
model calibration upgraded the results with
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NRMSE and EF values of 0.04 and 0.99,
respectively. At the Rafsanjan station, the
results ameliorated after calibration with
NRMSE and EF values of 0.05 and 0.98,
respectively. Similarly, calibration
improved the results for the Zabol station
with NRMSE and EF values of 0.07 and
0.98, and for the Manjil station with values
of 0.06 and 0.98, respectively.

The agricultural sector is the largest
consumer of freshwater worldwide.
Accurate determination of irrigation water
requirements is crucial for improving the
efficiency of agricultural water use, which
in turn requires reliable estimation of
evapotranspiration. Therefore, the results
may prove beneficial in areas characterized
by limited availability of meteorological
data components.

Limitations and Suggestions: Despite the
satisfactory performance of the corrected
Turc (T) model in windy regions, this study
is subject to several limitations: a) Due to
the lack of access to long-term lysimeter
data, the Penman-Monteith (PM) model
was used as the standard method, which
may involve uncertainty in certain climatic
conditions. b) The estimation of solar
radiation (Rs) may affect the accuracy of
the calculated correction coefficient. ¢) The
limited number of stations investigated may
somewhat restrict the generalizability of the
correction relationships to all windy regions
throughout Iran.

In forthcoming research, it is recommended
that the wvalidation of the proposed
correction coefficients be performed with
direct lysimeter data whenever possible,
and that the spatial scope of the study be
expanded to a larger number of synoptic
stations.  Furthermore, the proposed
relationship  between the  correction
coefficient (o) and wind speed can be
employed as a practical tool in irrigation
scheduling systems and decision support
systems, enabling rapid correction of ETo
estimates in windy and data-scarce regions.
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