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ABSTRACT 
 

Reliable estimation of reference evapotranspiration (ETo) is essential for irrigation scheduling in the Colombian 
Orinoquia, where incomplete agrometeorological records often limit the routine application of data-demanding methods. 
This study compared ETo estimated by the FAO Penman-Monteith method and by a Class A evaporation pan in Yopal, 
Casanare, during the 2016 and 2017 dry seasons, testing whether the pan could reproduce Penman-Monteith ETo 
without significant bias. A total of 52 paired observations were analyzed, with 26 records for each year. Penman-Monteith 
ETo was calculated from Davis WeatherLink meteorological data following FAO-56 procedures, while pan-based ETo 
was obtained from measured evaporation using a fixed pan coefficient (Kp) of 0.70. Across both years, mean ETo was 
4.24 mm d⁻¹ for Penman-Monteith and 5.40 mm d⁻¹ for the Class A pan, with a significant pooled bias of 1.17 mm d⁻¹ 
(p < 0.001). Agreement was moderate overall, but strongly dependent on year. The pan performed well in 2017, yet 
substantially overestimated ETo in 2016. These results indicate that a fixed Kp of 0.70 is not temporally stable, and that 
local calibration and validation across seasons are necessary before the Class A pan can be used as a substitute for 
Penman-Monteith in Yopal. 
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RESUMEN 
 

La estimación confiable de la evapotranspiración de referencia (ETo) es esencial para la programación del riego en la 
Orinoquia colombiana, donde los registros agrometeorológicos incompletos suelen limitar la aplicación rutinaria de 
métodos que requieren una alta disponibilidad de datos. Este estudio comparó la ETo estimada mediante el método 
FAO Penman-Monteith y mediante un tanque de evaporación Clase A en Yopal, Casanare, durante las estaciones secas 
de 2016 y 2017, con el fin de evaluar si el tanque podía reproducir la ETo de Penman-Monteith sin un sesgo significativo. 
Se analizaron 52 observaciones pareadas, con 26 registros por año. La ETo por Penman-Monteith se calculó a partir 
de datos meteorológicos de Davis WeatherLink siguiendo los procedimientos FAO-56, mientras que la ETo basada en 
el tanque se obtuvo a partir de la evaporación observada usando un coeficiente fijo del tanque (Kp) de 0,70. En el 
conjunto de ambos años, la ETo media fue de 4,24 mm d⁻¹ para Penman-Monteith y de 5,40 mm d⁻¹ para el tanque 

Clase A, con un sesgo conjunto significativo de 1,17 mm d⁻¹ (p < 0,001). La concordancia general fue moderada, pero 
mostró una marcada dependencia del año. El tanque presentó un buen desempeño en 2017, pero sobreestimó 
considerablemente la ETo en 2016. Estos resultados indican que un Kp fijo de 0,70 no es temporalmente estable, y que 
se requiere calibración local y validación en varias estaciones antes de que el tanque Clase A pueda usarse como 
sustituto de Penman-Monteith en Yopal. 
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1. Introduction 
Reference evapotranspiration (ETo) expresses 
the evaporative demand of the atmosphere over a 
well-watered reference surface and constitutes a 
central variable for estimating crop water 
requirements, defining irrigation calendars, and 
evaluating water availability in agricultural systems 
(Elbeltagi et al., 2022). In tropical regions 
characterized by marked climatic variability, local 
estimation of ETo is particularly important because 
even small errors may result in under-irrigation or 
over-irrigation, with direct consequences for crop 
productivity and water-use efficiency (Mendoza 
and Peña, 2021). The FAO Penman-Monteith 
method is the most widely accepted reference 
procedure for ETo estimation (Allen et al., 1998; 
Valle Júnior et al., 2021); however, its application 
requires reliable records of solar radiation, air 
temperature, relative humidity and wind speed. In 
many agricultural areas, continuous access to 
these variables is limited, which has maintained 
the use of the Class A evaporation pan as a 
practical field alternative (Jensen et al., 1990). The 
main advantage of the pan lies in its operational 
simplicity, although its performance depends on 
the adopted pan coefficient and on local exposure 
and management conditions (Cunha et al., 2013; 
Nikolaou et al., 2025). 
Meteorological ETO monitoring in South American 
regions is limited, resulting in scarce high-quality 
data (Cemek et al., 2025). Specifically, estimating 
missing data can significantly affect ETo 
calculations. For example, Cordova et al. (2015) 
reported errors of up to 24% for solar radiation, 
14% for relative humidity, and over 30% when all 
data except temperature are estimated. This 
underscores the critical need for reliable 
meteorological data to accurately predict ETo for 
irrigation in southern Ecuador and similar regions 
in South America. Recent literature from tropical 
and subtropical environments indicates that ETo is 
especially sensitive to solar radiation and 
temperature, while humidity and wind speed often 
exert secondary, seasonally variable effects on 
model performance (Sabino and de Souza, 2023; 
Silva et al., 2018).  
Sensor accuracy and data quality are also critical 
because uncertainty in radiation, humidity, and 
wind measurements can propagate directly into 
ETo estimates and irrigation recommendations 
(Moratiel et al., 2013; Abeysiriwardana et al., 
2022). The Penman-Monteith equation is widely 
regarded as the benchmark for ETo estimation 
due to its comprehensive consideration of 
meteorological variables, but its accuracy can be 

compromised in regions with limited data 
availability (Ippolito et al., 2024). In addition, 
projected increases in ETo under changing 
climate scenarios reinforce the need for locally 
robust estimation procedures in water-limited 
production systems (Sabino et al., 2024). 
In the foothill zone of the Colombian Orinoquia, 
where agricultural expansion demands simple 
tools to support irrigation management, local 
comparisons among ETo estimation methods are 
still needed. Studies conducted in tropical and 
subtropical environments have reported variable 
levels of agreement between the Class A pan and 
Penman-Monteith according to climate, pan 
coefficient and temporal aggregation scale 
(Owusu-Sekyere et al., 2017; Trajkovic and 
Stojnic, 2008). Selection of an appropriate pan 
coefficient (Kp) is critical because reported values 
can range from 0.60 to 0.85 depending on local 
conditions (Chen et al., 2005; Souza et al., 2015). 
The FAO-56 PM equation served as a benchmark 
for assessing the Kp models; however, the Kpan 
models demonstrated insufficient accuracy in 
estimating ETo at the monthly and seasonal 
scales. (Koç, 2022). Whereas 0.70 has frequently 
been used as an operational value in tropical 
environments when site-specific calibration is 
unavailable (Lopes et al., 2012). 
The objective of this study was to compare ETo 
values obtained with Penman-Monteith and with a 
Class A evaporation pan during the 2016 and 
2017 dry seasons in Yopal, Casanare, and to 
quantify the degree of agreement between both 
methods using statistics of error, association and 
bias. The working hypothesis was that, under local 
agrometeorological monitoring conditions, the 
Class A pan would adequately reproduce the 
temporal variation of ETo estimated by Penman-
Monteith across both years. 

 
2. Methodology 
Study site and analysis period 
The study used data recorded at the Utopía 
campus of Universidad de La Salle, located in 
Yopal, Casanare, Colombia (5°19′31″ N, 
72°17′48″ W; 256 m a.s.l.), within the foothill zone 
of the Orinoquia. The updated analysis considered 
dry-season data from two independent years. For 
2016, the analyzed period extended from 9 
February to 6 March, whereas for 2017 it extended 
from 9 February to 13 March. The analytical 
dataset was restricted to paired dates with 
simultaneous ETo estimates by both methods, 
yielding 26 observations in 2016 and 26 in 2017, 
for a pooled total of 52 paired observations. 
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Reference evapotranspiration estimation 
Penman-Monteith ETo was obtained from air 
temperature, relative humidity, wind speed and 
solar radiation records generated by a Davis 
WeatherLink meteorological station following the 
FAO-56 approach (Allen et al., 1998). For the 
Class A pan, ETo was calculated from observed 
pan evaporation using a fixed pan coefficient (Kp) 
of 0.70. This value lies within the range reported 
for tropical and subtropical conditions and 
represents a conservative operational estimate 
commonly adopted when detailed local calibration 
is unavailable (Chen et al., 2005; Souza et al., 
2015; Lopes et al., 2012). In both methods, the 
unit of analysis was mm d⁻¹. 
 
Statistical analysis 
For each method, descriptive statistics were 
calculated (mean, standard deviation, coefficient 
of variation, minimum, maximum and accumulated 
Eto). Method comparison was first conducted for 
the pooled dataset and then separately for each 
year. Paired comparisons were evaluated using a 
paired t test and, the Wilcoxon signed-rank test. 
Agreement between methods was assessed with 
Pearson’s correlation coefficient (r), coefficient of 
determination (R²), mean absolute error (MAE), 
root mean square error (RMSE), mean bias error 
(MBE) and Willmott’s index of agreement (d) 
(Cabral Júnior et al., 2018). A simple linear 
regression was fitted to the pooled dataset for 
graphical interpretation of the relationship 

between methods. To charac-terize climatic 
differences between years, daily climatic variables 
were compared with Welch’s t test. As an 
exploratory analysis, Pearson correlations were 
computed between daily pan bias and selected 
climatic variables. 
 
3. Results and discussion 
ETo exhibited contrasting interannual behavior 
between methods (Figure 1). In 2016, the Class A 
pan systematically produced larger estimates than 
Penman-Monteith throughout most of the dry-
season period, whereas in 2017 both methods 
followed a markedly closer temporal trajectory. 
This difference in year-to-year behavior strongly 
affected the pooled comparison. 
In descriptive terms, pooled mean ETo was 4.24 
± 1.10 mm d⁻¹ for Penman-Monteith and 5.40 ± 
1.79 mm d⁻¹ for the Class A pan, with accumulated 
values of 220.34 and 281.02 mm, respectively 
(Table 1). The year-specific statistics show that 
the pooled divergence was driven mainly by 2016, 
when mean pan-based ETo reached 6.43 mm d⁻¹ 
compared with 4.13 mm d⁻¹ for Penman-Monteith. 
In contrast, 2017 showed near-equivalent mean 
values of 4.38 and 4.34 mm d⁻¹, respectively. 
The paired comparison confirmed this contrast 
(Table 2). Across the pooled dataset, the mean 
bias of the Class A pan relative to Penman-
Monteith was 1.17 mm d⁻¹, and the paired 
difference was statistically significant (paired t, p < 
0.001; Wilcoxon, p < 0.001).  

 

 
Figure 1. Temporal behaviour of ETo estimated by Penman-Monteith and by the Class A pan in Yopal, Casanare, 

during the 2016 and 2017 dry seasons. 
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Table 1 
Descriptive statistics of reference evapotranspiration (ETo) estimated by Penman-Monteith and the Class A pan in Yopal, 
Casanare, for the 2016 and 2017 dry seasons 
 

Season Method n Mean SD CV (%) Minimum Maximum Accumulated 

2016 Penman-Monteith 26 4.13 1.26 30.51 1.08 5.94 107.38 
2016 Class A pan 26 6.43 1.72 26.82 2.00 8.40 167.12 
2017 Penman-Monteith 26 4.34 0.93 21.47 1.71 5.37 112.96 
2017 Class A pan 26 4.38 1.16 26.57 2.00 6.30 113.90 
Pooled Penman-Monteith 52 4.24 1.10 26.03 1.08 5.94 220.34 
Pooled Class A pan 52 5.40 1.79 33.04 2.00 8.40 281.02 

 

Table 2 
Comparison statistics between the Class A pan and Penman-Monteith for ETo estimation in 2016, 2017 and in the pooled 
dataset 

Season MBE MAE RMSE r R² Willmott d Paired t (p) Wilcoxon (p) 

2016 2.30 2.38 2.61 0.676 0.458 0.515 <0.001 <0.001 
2017 0.04 0.55 0.72 0.777 0.604 0.869 0.804 0.617 

Pooled 1.17 1.47 1.92 0.519 0.269 0.578 <0.001 <0.001 
 

In 2016, overestimation by the pan was 
pronounced (MBE = 2.30 mm d⁻¹) and highly 
significant, whereas in 2017 the bias was 
negligible (MBE = 0.04 mm d⁻¹) and the difference 
between methods was not significant (paired t, p = 
0.804; Wilcoxon, p = 0.617). 
Agreement metrics also differed substantially 
between pooled and year-specific analyses (Table 
2). For the pooled dataset, Pearson’s correlation 
coefficient was 0.519 and the coefficient of 
determination was 0.269, indicating only moderate 
association between methods. Error metrics 
remained comparatively large in pooled terms 
(RMSE = 1.92 mm d⁻¹; MAE = 1.47 mm d⁻¹), and 
Willmott’s index of agreement reached 0.578. By 
contrast, 2017 showed stronger agreement (r = 
0.777; R² = 0.604; RMSE = 0.72 mm d⁻¹; MAE = 
0.55 mm d⁻¹; d = 0.869), whereas 2016 displayed 
weaker agreement and substantially larger 
predictive error (r = 0.676; R² = 0.458; RMSE = 
2.61 mm d⁻¹; MAE = 2.38 mm d⁻¹; d = 0.515). 
Climatic characterization of the paired study dates 
during the 2016 and 2017 dry-season windows is 
presented in Table 3. Relative to 2017, the 2016 
window was characterized by significantly higher 
daily maximum temperature, significantly higher 
daily minimum temperature, and significantly 
lower mean solar radiation, while differences in 
mean air temperature, relative humidity and mean 

wind speed were smaller and not statistically 
significant. The scatterplot of paired observations 
further highlights the interannual contrast (Figure 
2), whereas Figure 3 illustrates both the climatic 
separation between years and the increase in 
daily pan bias with higher maximum temperature. 
The expanded two-year dataset materially 
changes the interpretation obtained from the 
2017-only analysis. Whereas the 2017 dry season 
suggested close agreement between the Class A 
pan and Penman-Monteith, the pooled evidence 
demonstrates that this agreement was not 
temporally stable. The marked overestimation 
observed in 2016 indicates that the Class A pan 
cannot be assumed to reproduce Penman-
Monteith ETo consistently across years when a 
fixed Kp of 0.70 is applied. 
From an operational perspective, this finding is 
critical. In regions where complete meteorological 
records are scarce, the appeal of the pan lies in its 
simplicity and low cost (Doorenbos and Pruitt, 
1977; Jensen et al., 1990; Lakhiar et al., 2024). 
However, the present results show that 
operational convenience does not guarantee 
temporal robustness. The pooled mean bias of 
1.17 mm d⁻¹ and RMSE of 1.92 mm d⁻¹ are 
sufficiently large to affect irrigation scheduling 
decisions if extrapolated to longer periods, 
particularly under water-limited conditions. 

 

Table 3 
Climatic characterization of the paired study dates during the 2016 and 2017 dry-season windows 
 

Variable 2016 mean 2016 SD 2017 mean 2017 SD Welch’s t (p) 

Mean air temperature (°C) 29.12 1.02 28.25 2.47 0.105 
Relative humidity (%) 65.63 4.88 68.23 10.12 0.246 
Mean wind speed (m s⁻¹) 1.52 0.32 1.29 0.57 0.078 

Mean solar radiation (W m⁻²) 212.16 38.52 326.61 139.19 <0.001 
Daily maximum temperature (°C) 35.19 1.26 32.62 1.71 <0.001 
Daily minimum temperature (°C) 23.56 1.26 22.48 1.85 0.018 
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Figure 2. Relationship between ETo estimated by Penman-Monteith and by the Class A pan. The dashed line 

represents the 1:1 relationship, and point colours identify the seasonal dataset. 
 

 
Figure 3. Selected climatic contrasts between the 2016 and 2017 study windows and the relationship between daily 

maximum temperature and pan bias (Class A pan minus Penman-Monteith). 

 
The year-specific contrast is consistent with the 
known sensitivity of pan-based estimates to local 
micrometeorological conditions and to the choice 
of Kp. The literature has repeatedly shown that Kp 
varies with wind regime, atmospheric dryness, 
fetch and exposure conditions (Chen et al., 2005; 
Cunha et al., 2013; Souza et al., 2015). Under this 
interpretation, the acceptable 2017 performance 
does not validate the universal use of Kp = 0.70 at 
the site; rather, it indicates that the selected 
coefficient was suitable under one seasonal 
dataset but not under another. The large positive 
bias in 2016 suggests that a fixed coefficient failed 
to capture interannual variability in the relationship 

between pan evaporation and reference-surface 
evapotranspiration. 
The ancillary climatic analysis presented in Table 
3 and Figure 3 provides additional support for this 
interpretation. Relative to 2017, the 2016 study 
window was characterized by higher daily 
maximum temperature, higher minimum 
temperature, slightly higher wind speed and lower 
relative humidity, while also exhibiting lower mean 
daily solar radiation. The positive association of 
daily pan bias with maximum temperature and 
wind speed is consistent with broader sensitivity 
analyses showing that radiation, temperature, 
humidity and wind interact nonlinearly in Penman-
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Monteith-based ETo estimation, with solar 
radiation and atmospheric dryness exerting 
particularly strong influence in tropical 
environments (Sabino and de Souza, 2023; 
Moratiel et al., 2013). Solar radiation and 
maximum temperature are primary drivers of ETo 
in tropical and subtropical climates, with wind 
speed also playing a significant role in semi-arid 
regions (Moro et al., 2024).  
The environmental contrast between years is 
therefore physically plausible rather than 
anomalous. Recent tropical studies indicate that 
solar radiation and temperature are commonly the 
dominant controls on ETo variability, whereas 
humidity and wind speed contribute secondary but 
seasonally variable effects, especially during dry 
periods and in regions with stronger aerodynamic 
demand (Silva et al., 2018; Sabino and de Souza, 
2023). In this context, the 2016 overestimation 
likely reflects both the environmental sensitivity of 
free-water evaporation and the limitations of 
applying a temporally invariant Kp across 
contrasting seasonal windows. In Central 
America, Puerto Rico, ETo is most sensitive to 
relative humidity, followed by solar radiation and 
temperature, with wind speed having a lesser 
impact (Irizarry-Ortiz & Harmsen, 2023). 
The 2016 and 2017 results should therefore be 
interpreted jointly rather than competitively. The 
2017 agreement confirms that the Class A pan 
may provide useful operational estimates under 
certain conditions, whereas the 2016 
overestimation demonstrates that such 
performance is condition dependent. Similar 
variability in method concordance has been 
reported in tropical and subtropical environments, 
where pan-based ETo may shift from acceptable 
to biased as atmospheric demand, humidity 
conditions or local exposure change (Owusu-
Sekyere et al., 2017; Cabral Júnior et al., 2018). 
The pan evaporation paradox, characterized by a 
decrease in pan evaporation despite rising 
temperatures, highlights the complex interplay 
among factors such as solar radiation, wind 
speed, and relative humidity, which often 
counterbalance the effects of temperature 
increases (Wang et al., 2017). 
A central implication is that local calibration should 
be treated as a priority rather than as refinement. 
Future work should estimate site-specific or 
season-specific Kp values and evaluate whether 
dynamic Kp formulations reduce the interannual 
error structure observed here. In addition, broader 
validation across wet and transition periods is 
needed because the present analysis remains 

restricted to dry-season windows. As noted by 
Lunardi et al. (1999) and Pereira (1998), multi-
season evaluation and, where possible, 
comparison against lysimetric measurements 
would provide a stronger basis for operational 
adoption. This recommendation is reinforced by 
recent scenario-based studies indicating that ETo 
responses may intensify under future climatic 
variability, which further increases the value of 
locally calibrated estimation frameworks (Sabino 
et al., 2024). 
The variability of environmental factors such as 
weather, soil, and crop types requires frequent 
model updates and validation to maintain their 
accuracy and reliability. In water delivery and crop 
yield forecasting, Hernández et al. (2025) noted 
that agricultural predictions will depend on 
integrated architectures that combine physical 
simulations, satellite data, and adaptive learning. 
Adding explainability and multicriteria assessment 
turns these predictive models into strategic tools 
for sustainable management, aligning 
technological performance with ecological and 
social considerations. Real-time remote sensing 
and weather data highlight the necessity for 
regular verification to match model outputs with 
field conditions (Dhakar et al., 2025). Economic 
and environmental pressures, including water 
scarcity and costly resources such as electricity 
and nitrogen, emphasize the need for models that 
optimize water efficiency and economic returns, 
requiring continuous model updating and 
validation. 
In practical terms, the Class A pan remains 
valuable as a low-cost agrometeorological tool, 
but the updated evidence does not support its 
unconditional interchangeability with Penman-
Monteith in Yopal. Its use for irrigation scheduling 
should therefore be accompanied by local 
calibration, periodic verification, and awareness 
that predictive accuracy may vary substantially 
between years. 
 
4. Conclusions  
Across the two dry seasons evaluated in Yopal, 
the Class A pan did not reproduce Penman–
Monteith ETo with consistent accuracy when a 
fixed Kp of 0.70 was applied. Although the 2017 
dataset showed close agreement between the two 
methods, the 2016 dataset revealed substantial 
overestimation by the pan, leading to a significant 
pooled bias and only moderate overall agreement. 
The additional climatic characterization suggests 
that the divergence between methods was 
associated with environmental contrasts during 
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the paired study periods, particularly higher 
maximum temperature and greater aerodynamic 
demand in 2016. These results indicate that pan 
performance at the site is environmentally 
sensitive rather than temporally stable. 
Based on the pooled evidence, the Class A pan 
may still be useful for local agrometeorological 
monitoring; however, its application in irrigation 
scheduling should be supported by local 
calibration and validation across multiple seasonal 
periods. 
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