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Abstract: A field experiment was conducted in 2023 and 2024 to determine stage-specific crop coefficient values 
of okra (Abelmoschus esculentus) using the popular F1 hybrid Arka Nikita. Six evapotranspiration (ETc) based 
treatments were applied: five under a forced ventilated greenhouse (T1 = 120% ETc, T2 = 100% ETc, T3 = 80% ETc, 
T4 = 60% ETc, T5 = 100% ETc in lysimeter) and one under open field (T6 = 100% ETc) arranged in a completely 
randomised block design with three replications. The results showed that T2 had higher growth parameters, while 
T4 and T6 performed poorly. The yield was significantly higher in T2 (23.8 t/ha in 2023 and 23.3 t/ha in 2024), 
whereas T6 had a lower yield (9.5 t/ha in 2023 and 8.6 t/ha in 2024). Higher water productivity was observed 
in T3 (9.85 kg/m3 in 2023 and 8.35 kg/m3 in 2024), while T6 had lower water productivity (1.83 kg/m3 in 2023 
and 1.35 kg/m3 in 2024). Hence, this study recommends using stage-specific crop coefficients of 0.32, 0.63, 0.78, and 
0.41 during the initial, development, mid and final stages of 80% ETc to optimise the water productivity and max-
imise the yield in the greenhouse-grown okra, respectively.
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Greenhouse vegetable production is essential for 
global agriculture, contributing approximately 20% 
of the total vegetable output. Okra (Abelmoschus 
esculentus L.) is one of the major vegetable crops 
in India, producing 6.42 million tonnes annually 
and ranking it first globally. With a productivity 
of approximately 12.26 t/ha average for India 8.93 t/
ha average for Tamil Nadu (Kohima et al. 2023). 
Compared to traditional open-field cultivation, 
greenhouses offer significant advantages, achiev-

ing 35–40% higher yields on average and using up 
to 70% less water (Awang Bono et al. 2024). The 
controlled environment in greenhouses allows for 
extended growing seasons and supports the cultiva-
tion of a wider variety of crops, which is vital for 
meeting rising global food demands while promot-
ing sustainability and efficiency. Open-field culti-
vation, in contrast, typically consumes more water 
and is limited by seasonal constraints, making year-
round production challenging. Greenhouse systems 
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mitigate these limitations, providing continuous, 
efficient production with better water management 
and protection against adverse weather conditions 
(Awang Bono et al. 2024). This makes greenhouse 
cultivation an increasingly attractive, sustainable 
choice for high-quality vegetable production.

The demand for water has steadily been rising 
due to the growing agricultural needs, making it es-
sential to use the available water resources judi-
ciously. Conventional surface irrigation methods, 
commonly practiced in agriculture, have proven 
inefficient, often leading to unproductive water use 
by crops (Yang et al. 2023). Modern, efficient irriga-
tion methods, such as drip irrigation, have become 
essential as  they supply precise water amounts 
at regular intervals based on crop requirements, 
improving the yield and water efficiency. Accurate 
water management thus becomes critical, requiring 
the precise evaluation of water needs for each crop 
to optimise the productivity. Advanced technolo-
gies, recognised for providing reliable real-time 
data across diverse soil types, are increasingly used 
to ensure accurate water assessments by measuring 
the evapotranspiration. The actual evapotranspi-
ration (ETc) is determined as the product of the 
reference evapotranspiration (ETo) and the crop 
coefficient (Kc), which varies with the crop type 
and growth stage (Subedi et al. 2017).

Recent studies have approached using differ-
ent methods to measure the evapotranspiration 
in greenhouses. The digital weighing lysimeter 
is one of them, utilised by many researchers to au-
tomatically record the changes in the water along 
with crop conditions and calculate the daily evapo-
transpiration (ETc) (Kumari et al. 2022; Awari et al. 
2023; Shi et al. 2023).

Despite okra's economic and agricultural signifi-
cance, there is currently no crop coefficient spe-
cific to okra under greenhouse conditions. This 
lack of data poses challenges in optimising the ir-
rigation for controlled environments, necessitating 
an integrated approach that considers the climate, 
soil moisture, and crop growth stages to estimate 
the crop coefficients (Buttaro et al. 2015).

Therefore, an effort has been made in this study 
to evaluate the water requirements and crop coef-
ficient of okra under drip irrigation. By assessing 
okra's performance at different irrigation levels 
in a greenhouse compared to open-field conditions, 
the study seeks to optimise irrigation schedules for 
maximising the yield and water productivity.

MATERIAL AND METHODS

The study was conducted during the years 2023 
and 2024 in a forced ventilated unheated green-
house, with an area of 200 m2 (10 m long, 20 m wide, 
3.5 m ridge height), oriented in a north-south di-
rection and covered with a polythene film (200 mi-
crons) at the Agricultural Engineering College and 
Research Institute, Kumulur. It geographically lies 
between 10.9329° N latitude and 78.8269° E lon-
gitude and at an altitude of 70 m above mean sea 
level. The study area's average temperature, average 
evaporation, and mean annual rainfall are 28.8 °C, 
8 mm/day and 860 mm, respectively.

Treatment details. The experiment was carried 
out in sandy loam soil using Okra seeds (F1 hybrid 
– Arka Nikita) following a Complete Randomised 
Block Design and replicated (R) three times. The 
treatments adopted with the soil moisture sensors 
(TEROS 10) are T1 = 120% ETc, T2 = 100% ETc, T3 = 
80% ETc, T4 = 60% ETc, T5 = 100% ETc with lysimeter, 
T6 = 100% ETc (open field) with the recommended 
dose of fertiliser. Single seeds were placed per hill 
with 30 cm × 45 cm spacing in February 2023 and 
2024. The laterals were laid with in-line drippers with 
a 4 lph capacity at an interval of 45 cm (Figure 1). The 
drip fertigation system was used to apply the recom-
mended dose of fertiliser to the plot after the estab-
lishment of the plants, repeated once a week and 
ended one week before the last harvest.

In the establishment phase (10 days from sowing), 
all the treatment plots were irrigated uniformly 
at the level of the field capacity (21%) with an in-
terval of two days to facilitate the rooting and estab-
lishment of plants within the experimental plots. 
The irrigation scheduling method proposed in this 
study is used to determine the amount of irrigation 
water and the time of irrigation based on the soil 
moisture content and evaporation rate.

Estimation of the actual crop evapotranspira-
tion (ETc). The soil moisture content of the treat-
ments (T1, T2, T3, T4, and T6) was estimated using 
the METER Group TEROS 10 soil moisture sensor. 
It is generally recognised for its efficiency and ac-
curacy of up to ±1%. Compared to conventional 
moisture measuring methods, the TEROS 10 sen-
sor is less susceptible to external interference and 
has a higher temporal resolution, making it ideal for 
dynamic field situations (Ghiat Ikhlas et al. 2021). 
The sensors were placed at 15 cm and 30 cm depths 
near the crop root zone in all five treatments. The 
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quantity of water depleted (ΔW) by the crop was 
determined by the volumetric moisture content 
from the sensor (TEROS 10) through the Em50 data 
logger via the ZENTRA utility software at every 
one-hour interval.

The actual crop evapotranspiration was esti-
mated by the soil water balance method with the 
following formula (Kumari et al. 2022) applied as ir-
rigation at one-day intervals.

ETc = P + I – R – D ± ΔW 	 (1)

where: P – precipitation (mm); I – irrigation water depth 
(mm); R – surface runoff (mm); D – amount of water 
drained from the root zone (mm); ΔW – change in the 
soil water storage (mm).

Runoff, drainage, and precipitation are not ap-
plicable in drip-irrigated greenhouses and were 
assumed to be zero. Hence, the difference in the 
irrigation and changes in the soil moisture content 
were taken as the actual crop evapotranspiration 
of okra (Imrana Farhan and Sugirtharan 2023).

The crop evapotranspiration of  treatment  5 
(100% ETc) was estimated with the gravimetric 
lysimeter with a 500 kg capacity. It was erected 
and placed into the soil surface by maintaining the 
bulk density of the soil. The weight can be read 
with an accuracy of 50 g. The amount of water lost 
is only by means of evapotranspiration (Awari et al. 
2023; Shi et al. 2023) and was measured in kilo-
grams as follows:

ETc = (ΔW × CF) + RF	  (2)

where: ETc – amount water lost, mm (i.e. crop evap-
otranspiration); ΔW – difference in weight, kg; CF – 
conversion factor (1 kg = 2.77 mm); RF – rainfall, mm 
(in the case of the greenhouse, the rainfall is considered 
to be zero).

Estimation of the reference evapotranspiration 
(ETo). The Penman-Monteith (PM) model utilises 
the ETo calculator FAO 56 (Subedi et al. 2017). The 
PM model considers multiple meteorological fac-
tors, such as the air temperature, humidity, wind 

Figure 1. Layout of the experimental plot (T = treatment and R = replication)
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speed, and net radiation, to estimate ETo. The data 
were obtained from meteorological observation 
stations located 10 m from the experimental plot. 
The calculation of ETo is as follows:

	
(3)

where: ETo – reference crop evapotranspiration (mm/d); 
Rn – net radiation (MJ/m2/d); G – soil heat flux (MJ/
m2/d); T – air temperature (°C); U – wind speed (m/s); 
es – saturation vapour pressure (kPa); ea – actual vapour 
pressure (kPa); ∆ – slope of the saturation vapour pres-
sure-temperature relationship (kPa/°C); γ – psychomet-
ric constant (kPa/°C).

Estimation of crop coefficient (Kc). The follow-
ing equation was given by Patil (2010) to calculate 
the stage-specific crop coefficient:

	 (4)

where: Kc – crop coefficient.

Morphometric observations of  growth pa-
rameters, yield and water productivity. Growth 
parameters were recorded 20, 40, 60, 80, 100, and 
110 days after sowing to assess the crop perfor-
mance at different irrigation levels. The greatest 
leaf width and breadth were measured with a ruler, 
and the product was multiplied by a correction fac-
tor of 0.62 to calculate the leaf area (Elings 2000).

The Leaf area index (LAI) was determined 
by Elings (2000):

 	 (5)

where: L – leaf length (cm); W – leaf width (cm); NP – 
number of plants; NL – number of leaves.

Water use efficiency (WUE) was calculated as fol-
lows (Moursy et al. 2023):

 	 (6)

Water productivity was calculated by Jayapiratha 
et al. (2010):

 	
(7)

 
Statistical analysis. The data observed from the 

experiments were analysed using R (version 4.2.2) 
(de Mendiburu 2019). Analyses of variance (ANOVA) 
were conducted to determine variations among the 
treatments, followed by the Least significant differ-
ence (LSD) method at a significance level of α = 0.05 
for the mean comparisons. Additionally, Pearson 
correlation analyses were performed to evaluate the 
relationships among the growth parameters, provid-
ing insights into the strength and direction of the 
associations. A heat map was generated to visually 
represent the correlations of the treatments, par-
ticularly highlighting patterns across the yield and 
water use efficiency (WUE) over both years.

RESULTS AND DISCUSSION

The observed minimum and maximum tempera-
ture in the greenhouse for the year 2023 and 2024 
ranged from 26.4 °C to 40.1 °C and 28.9 °C to 41.6 °C, 
respectively. The minimum and maximum relative 
humidity was observed as 66.2% to 84.9% and 71.4% 
to 88.3%, respectively. Figures 2 and 3 show the 
monthly average evapotranspiration, temperature 
and relative humidity of both seasons.

The reference evapotranspiration (ETo–i and ETo) 
was calculated inside and outside greenhouse us-
ing the ETo calculator (Ghiat Ikhlas et al. 2021) 
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and it is varied from 3.3 to 5.2 mm/day (2023), 3.4 
to 5.5 mm/day (2024) and 4.2 to 7.2 mm (2023), 
5.2 to 7.6 mm (2024), respectively, during the grow-
ing period. The stage wise estimated ETo value for 
the both years are given in Table 1.

The reference evapotranspiration estimated 
in both years was at a minimum during the initial 
stage and at a maximum in the mid-stage due to re-
spective vegetation growth at the stage. However, 
these results are not new, but give confidence to the 
subsequent results findings (Subedi et al. 2017). 
The same evapotranspiration trend has been re-
ported by several researchers for okra (Tiwari et al. 
1998; Ahmet and Ali 2009; Jayapiratha et al. 2010)

Actual crop evapotranspiration (ETc). The ac-
tual crop evapotranspiration, ETc (mm/day), was 
calculated by the soil water balance using soil mois-
ture sensors (TEROS 10) and a lysimeter. A simi-
lar methodology was followed by Jayapiratha et al. 
(2010), Moursy et al. (2023), Shi et al. (2023). Each 
of  these studies demonstrates the utility of ad-
vanced monitoring techniques to assess evapotran-
spiration rates accurately under varying conditions. 
In this study, the initial, mid, development, and final 
stages of the actual crop evapotranspiration (ETc) 
were observed through the use of a TEROS 10 sen-
sor for the five treatments (T1, T2, T3, T4, and T6) 
and lysimeter for T5 in both years (2023 and 2024) 
as depicted in Table 1. The volume of irrigation 
was calculated from the depleted moisture content 
through the sensors and lysimeter for the respec-

Figure 3. 3D stacked bar of the evapotranspiration during 
the growing period
ETo – reference crop evapotranspiration
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tive treatment. Irrigation was followed on the al-
ternative days. In all the treatments, higher water 
consumption was observed during the mid-stage; 
it may be due to the maximum vegetative growth 
and optimum amount of water and fertiliser appli-
cation. The total amount of water consumed by the 
okra was 363 mm, 302 mm, 242 mm, 181 mm, 
260 mm, and 520 mm (2023) and 418 mm, 349 mm, 
279 mm, 209 mm, 290 mm, and 641 mm (2024) 
in treatment T1, T2, T3, T4, T5, and T6, respectively. 
The crop evapotranspiration of okra observed with 
100% ETc in open field conditions by Patil (2010) 
was reported to be 547 mm and by Awari et al. 
(2023) was reported to be 610 mm, which are in line 
with the result of this study.

Plant growth parameters. The plant growth 
parameters showed distinct differences across all 
the treatments based on the irrigation levels and 
environmental conditions, as depicted in Table 2. 
Different crop growth stages under the greenhouse 
are shown in Figures 4, 5, 6, 7, 8 and 9. Treatment 
T2 consistently exhibited superior results for the 
plant height, recording heights of 1.15 m in 2023 
and 1.14 m in 2024, indicating optimal irrigation 
conditions that likely supported better nutrient up-
take and photosynthesis (Graamans et al. 2018). 
Treatments T1, T3, and T5, with heights of 1.01, 
1.06, and 1.06 m in 2023 and 0.98, 1.04, and 1.09 m 
in 2024, respectively, demonstrated statistically 
similar performance as per the LSD test.

The letter groupings shown in Table 2 demon-
strate that the treatments have roughly similar plant 
heights, signifying generally proper water availabil-
ity across irrigation regimes, as reported by Ahmet 
and Ali (2009). In 2023, only T6 had a statistically 
lower plant height of 0.74 m, as shown by the let-
ter "b". In 2024, all T1–T6 were in a single statisti-
cal group "a", confirming no significant differences 
in plant height within the same season. This height 
reduction for T6 could be explained by its outdoor 
growing conditions; given the fluctuations in tem-
perature and the generally low humidity, plant de-
velopment was constrained (Graamans et al. 2018).

Regarding the stem girth, treatments T1, T2, T3, 
and T5 recorded higher values and exhibited statis-
tically under the same group. It shows that main-
taining a sufficient water supply facilitates optimal 
carbohydrate distribution within the controlled en-
vironment, resulting in thicker stems (Moursy et al. 
2023). T6 had lower girth values (1.46 cm in 2023 
and 1.40 cm in 2024), likely due to the stress of the Ta
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fluctuating outdoor conditions, which hindered 
the growth (Buttaro et al. 2015).

For the number of branches, T5 recorded the most 
(17 branches in both years), reflecting the benefits 
of the precise irrigation management in promoting 
vegetative growth and healthy branching (Ali et al. 
2024) T2 and T3 also performed well, with branch 
numbers statistically comparable to T5. T6, with the 
fewest branches (7 in 2023 and 6 in 2024), demon-
strated the environmental stress's adverse impact 
on the vegetative growth (Mandal et al. 2018).

Finally, the Leaf area index (LAI) was higher 
in T2 and T5, at 4.0 in both years, indicating that the 
optimal irrigation facilitated more efficient photo-
synthesis under greenhouse conditions (Moursy 
et  al. 2023). Similar LAI values were observed 
in T1 and T3, all of which performed comparably ac-
cording to the statistical analysis. However, T6, with 

the lower LAI values (1.7 in 2023 and 1.6 in 2024), 
continued to show reduced photosynthetic capacity 
due to the stress from the environmental conditions 
(Yang et al. 2023).

The number of  harvests further highlighted 
the advantages of greenhouse-based irrigation. 
T5 achieved higher harvests (23 in 2023 and 22 
in 2024), showcasing the importance of controlled 
conditions for maximising the productivity. T1, 
T2, and T3 followed closely behind with similar 
performances, while T4 and T6, with their fewer 
harvests, likely suffered from either under- or over-
irrigation, leading to reduced yields (Awang Bono 
et al. 2024).

Flowering and harvesting days. The flower-
ing and harvesting durations showed apparent 
differences based on the treatments. T2 and T5 
exhibited the shortest time to flowering (33 days 

Figure 4. Sensor installed 
in the crop root zone

Figure 5. Crop developed 
stage in the greenhouse 
along with lysimeter grown

Figure 6. (A) Flowering and (B) fruiting of Okra

Figure 7. Final stage of okra crop Figure 8. Yield Per plant during 
1st harvest of T3 treatment

Figure 9. Yield per 54 Nos. of plant 
per harvest of T3 treatment

(A) (B)
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in both years) and fruiting (38 days in both years). 
Meanwhile, T3 very closely follows and is on par 
with T2 and T5, indicating how stable the green-
house irrigation promotes the timely floral devel-
opment (Imrana Farhan and Sugirtharan 2023). 
In contrast, T6, which was grown outdoors, expe-
rienced delays in flowering (42 days in 2023 and 
40  days in  2024) and fruiting (47  days in  2023 
and 46 days in 2024) due to the higher stress levels 
caused by the fluctuating environmental conditions 
(Yang et al. 2023). The number of days to harvest 
followed a  similar trend, with T2  showing the 
shortest time to harvest (42 days in both years), 
compared to T6, which required 52 days to harvest 
in both years. These results highlight the advan-
tage of controlled greenhouse environments in ex-
pediting crop development and achieving faster 
harvests (Donato et al. 2015).

Cultivating crops in a greenhouse minimised 
the pesticide use, with no applications needed, 
unlike the three required in the open-field con-
ditions. This pesticide-free approach reduces the 
chemical residue, promoting sustainable practices 
(Möhring et al. 2023). Labour-intensive tasks like 
weeding were also reduced, with greenhouse crops 
needing only one weeding compared to four in the 
field. This decrease in inter-cultivation activities 
conserves labour and energy, enhancing the sus-
tainability of greenhouse production systems.

Heat map: Yield, water use efficiency (WUE), 
and water productivity (WP). The heat map analy-
sis of the yield (tonnes), water use efficiency (WUE, 
kg/ha.mm), and water productivity (WP, kg/mm3) 
across the treatments revealed significant varia-
tions, underscoring the advantages of greenhouse 
cultivation (Figure 10). The heatmap effectively 
visualises the treatment performance, using a col-
our gradient that ranges from light to dark to rep-
resent values from lower to higher. Lighter shades 
indicate treatments with lower performance, while 
darker shades highlight higher performance levels. 
In both 2023 and 2024, Treatment 2 achieved the 
highest yields, with 23.8 t/ha and 23.3 t/ha, re-
spectively, followed closely by Treatment 5, which 
recorded 23.1 t/ha yields. In contrast, the outdoor 
Treatment  6  showed considerably lower yields 
of 9.5 t/ha and 8.6 t/ha in 2023 and 2024, respec-
tively, marking an approximate 60% reduction com-
pared to the greenhouse treatments, highlighting 
the efficacy of controlled greenhouse conditions 
in enhancing the crop yield. Consistent with Shi 

et al. (2023), these findings highlight how optimised 
greenhouse conditions reduce the environmental 
stress, boosting both the growth and productivity.

The WUE analysis indicated T3 as the most ef-
ficient, achieving 91.6 and 79.6 kg/ha·mm, while 
T6 lagged with 18.2 kg/ha·mm and 13.1 kg/ha·mm, 
aligning with Hashemi et al. (2024) on the impor-
tance of precise irrigation in controlled environ-
ments (Table 3). The WP results similarly favoured 
T3, showing values of  9.85  kg/m3 in  2023 and 
8.35 kg/m3 in 2024, contrasting sharply with T6 
as 1.83 kg/m3 and 1.35 kg/m3 across the two years.

These results demonstrate how controlled envi-
ronments promote more efficient water use, lead-
ing to higher economic returns per unit of water 
used (El-Naggar et al. 2020). The analysis reinforced 
a clear treatment hierarchy with the greenhouse 
(T1–T5) outperforming the outdoor (T6), stable pa-
rameter correlations, particularly between WUE 
and WP in T2 and T3, and temporal consistency 
between years, underscoring the greenhouse reli-
ability. These results point to significant environ-
mental and economic implications, advocating for 
greenhouse cultivation to enhance the productivity 
and water efficiency, critical for sustainable agri-
cultural practices, addressing water scarcity, and 
supporting food security. The observed consistency 
and superior performance of T2 and T3 underscore 
the potential for controlled environment agricul-
ture to drive sustainable intensification strategies 
in future planning and resource management.

Stage-specific crop coefficient (Kc). The crop 
coefficient (Kc) patterns across various irrigation 

Figure 10. Heat map for the Yield, (kg), WUE (kg/ha. mm), 
and WP (kg/m3)
WP – water productivity; WUE – water use efficiency
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regimes exhibited clear distinctions throughout 
the okra growing season, as mentioned in Table 4. 
Fourth-order polynomial regression equations 
were applied to model the average Kc as a func-
tion of days after sowing (DAS), which is valu-
able for estimating the crop water requirements 
under greenhouse and outdoor conditions. The 
Kc data for 2023 and 2024 showed an initial in-
creasing trend from 0 DAS to 48 DAS, stabilising 
during the mid-growth stage (49–72 DAS) and de-
clining during the late stage (80–110 DAS) across 
both environments. The higher average Kc within 
the greenhouse was recorded at 1.17 during the 
mid-stage in Treatment 1 followed by Treatment 2 
(0.98), while the lower average, at 0.79, was ob-
served in Treatment 4. In open-field condition with 
100% ETc recorded a peak Kc of 1.2 during the mid-
stage and a low of 0.49 in the initial stage, which 
is higher than the 120% ETc in the greenhouse. This 
consistent trend across all the treatments is attrib-
utable to the reduced transpiration during the early 
stage, a gradual increase towards the mid-stage 
as the plant canopy expands, and a decline during 
the late stage due to crop maturation and reduced 
water uptake.

The notably higher Kc values in the outdoor con-
ditions compared to the greenhouse treatments 

indicate the increased evapotranspiration driven 
by the direct solar radiation and more pronounced 
climatic fluctuations that enhance water loss. This 
aligns with the findings by Möhring et al. (2023), 
which demonstrated that open-field crops experi-
ence higher transpiration rates due to direct expo-
sure to variable environmental conditions. Moursy 
et al. (2023) also emphasised that increased radia-
tion and temperature outside controlled environ-
ments contribute to greater water demand and 
potential soil surface evaporation.

These variations in  the Kc  across the treat-
ments underline the significance of adapting ir-
rigation practices to different growth stages and 
environmental conditions to optimise water use. 
All the treatments followed a polynomial pattern 
(R2 > 0.96) with three distinct phases: an initial in-
crease during vegetative growth (Kc values start-
ing around 0.3–0.5), peak values during flowering 
and  fruiting (0.7–1.4 depending on  the treat-
ment), and a decline during maturity. The poly-
nomial equations derived for each treatment, with 
R2 values ranging from 0.969 to 0.994, (Table 5). 
Furthermore, the calculated polynomial equations 
can be a useful tool for future irrigation planning 
since they make it possible to calculate the daily wa-
ter requirements, which enhances the water usage 

Table 3. Evapotranspiration and water productivity for all the treatments

Treatment
Evapotranspiration

(ETo; mm)
Crop evapotranspiration 

(ETc; mm)
Water productivity

(kg/m3)

2023 2024 2023 2024 2023 2024

T1 457.6 482.9 362.80 418.38 5.21 4.27
T2 457.6 482.9 302.34 348.65 7.33 6.36
T3 457.6 482.9 241.87 278.90 9.85 8.35
T4 457.6 482.9 181.40 209.19 6.70 5.83
T5 457.6 482.9 260.00 290.00 8.89 7.96
T6 643.7 701.9 520.01 640.80 1.83 1.35

Table 4. Stage-wise crop coefficient (Kc) of various irrigation levels

Stage
Kc1 Kc2 Kc3 Kc4 Kc5 Kc6

S1 S2 Avg. S1 S2 Avg. S1 S2 Avg. S1 S2 Avg. S1 S2 Avg. S1 S2 Avg.
Initial 0.47 0.50 0.48 0.39 0.42 0.40 0.31 0.33 0.32 0.23 0.25 0.24 0.34 0.35 0.34 0.48 0.50 0.49
Development 0.93 0.95 0.94 0.77 0.79 0.78 0.62 0.64 0.63 0.46 0.48 0.47 0.66 0.67 0.66 0.95 1.03 0.99
Mid 1.09 1.25 1.17 0.91 1.04 0.98 0.73 0.83 0.78 0.55 0.63 0.59 0.79 0.86 0.83 1.12 1.29 1.20
Final 0.58 0.64 0.61 0.48 0.53 0.51 0.38 0.43 0.41 0.29 0.32 0.30 0.41 0.44 0.43 0.59 0.69 0.64

Kc1, Kc2, Kc3, Kc4, Kc5 and Kc6 – stage-specific crop coefficient of the treatments; Avg. – average value of the crop coef-
ficient of two seasons
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efficiency and promotes sustainable crop produc-
tion under various irrigation regimes.

To more explicitly describe the stage of crop–
treatment–weather relationship, a mean crop coef-
ficient (Kc) pattern 3D surface plot was generated 
(Figure 11). This graph provides an easily interpret-
able presentation of the Kc variation with the days 
after sowing and between treatments such that the 
phases of the highest and lowest water requirement 
can be ascertained, comparisons of the treatments 
for effect made easily, and stage-specific irrigation 
planning optimised. In summarising the tabular 
data with regression data into a single graphic, it al-
lows for the easier interpretation of data as well 
as making prudent water-use efficient choices.

Comparison of the evapotranspiration of the 
100% ETc inside and outside the greenhouse. The 
scatter plot analysis comparing the soil moisture 
sensor-based evapotranspiration (ETc2) with the 

lysimeter-based (ETc5) and meteorological-based 
(ETc6) ET measurements highlighted critical in-
sights into the ET estimation methods as depicted 
in Figure 12. The strong correlation (R2 = 0.999) 
between ETc2 and ETc5 indicates the reliabil-
ity of using the lysimeter or soil moisture sensor 
for measuring ET in greenhouse environments, 
in agreement with Tayyaba et al. (2022). However, 
the correlation between ETc2 and ETc6 (R2 = 0.989) 
also showed a good relationship since ETc6 meas-
ured outdoors had a 44% higher value than ETc2 
due to the increased environmental variability, such 
as higher solar radiation and wind. This difference 
underscores the impact of outdoor climatic condi-
tions on the evapotranspiration measurement.

The correlation matrices from the study reveal 
complex relationships between the irrigation wa-
ter (IW) and various crop growth parameters, 
highlighting critical insights into the effects of ir-
rigation on the crop performance. The matrices 
consistently show strong positive correlations 
among the growth parameters and yield. Yet, IW 
is negatively correlated with these factors, as de-

Table 5. Fourth-order polynomial equation for all the treatments

Treatment Polynomial equation Coefficient of determination (R2)

T1 y = 1E-07x4 – 3E-05x3 + 0.0021x2 – 0.0305x + 0.5552 0.9719

T2 y = 1E-07x4 – 3E-05x3 + 0.0017x2 – 0.0254x + 0.4627 0.9719

T3 y = 8E-08x4 – 2E-05x3 + 0.0013x2 – 0.016x + 0.342 0.9739

T4 y = 7E-08x4 – 2E-05x3 + 0.001x2 – 0.0153x + 0.2776 0.9719

T5 y = 9E-08x4 – 2E-05x3 + 0.0015x2 – 0.0216x + 0.3946 0.9693
T6 y = 1E-07x4 – 3E-05x3 + 0.0017x2 – 0.0216x + 0.5116 0.9854

Pearson correlation was performed for the morphometric parameters of all the treatments; x – days after sowing; y – crop 
coefficient

Figure 12. Scatter plot of  the evapotranspiration per-
formed for crops grown under different environments

Figure 11. 3D Surface graph of the average crop coefficient 
(Kc) versus the days after sowing for 2023 and 2024 sea-
sons under the open field and greenhouse conditions
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picted in Figure 13. In particular, stronger negative 
correlations are observed in one dataset compared 
to the other, with values like the harvest (–0.67 vs. 
–0.83) and yield (–0.44 vs. –0.53). These negative 
correlations suggest that higher irrigation levels 
may be associated with decreased growth and yield, 
potentially indicating issues such as over-irrigation, 
leading to waterlogging or nutrient leaching, or the 
possibility of a non-linear relationship where mild 
water stress promotes more substantial growth 
(Awang Bono et al. 2024).

Conversely, the Leaf area index (LAI) exhibits 
strong positive correlations with the growth pa-
rameters and yield in both datasets (yield: 0.82 and 
0.83; branches: 0.85 to 0.91), underscoring the criti-
cal role of canopy development in determining the 
crop productivity (Kohima et al. 2023). The strong 
positive correlations between the yield and other 
growth parameters (height: 0.94 to 0.98; branches: 
0.89 to 0.91) further emphasise the interconnected 
nature of plant growth and yield, suggesting that 
management practices that enhance the plant 
structure will likely improve the overall crop pro-
ductivity (Mandal et al. 2018).

Yield response factor (ky) to water stress. The 
yield response factor (ky) analyses for 2023 and 
2024 and the average factor of the seasons illus-
trate the sensitivity of the crop yield to the evapo-
transpiration deficits across various treatments, 
underscoring the importance of strategic irrigation 
in maintaining the yield stability under water-limit-

ed conditions. Treatment T5, with a ky value of 0.13, 
demonstrated a low yield response to the water def-
icit. This indicates that the lysimeter-based irriga-
tion significantly enhances the water use efficiency 
by sustaining yields even with reduced water avail-
ability. This is consistent with the findings of Ali 
et al. (2024), who highlighted the resilience associ-
ated with precise irrigation methods. Similarly, T3, 
which recorded a ky value of 0.29, showed moderate 
sensitivity to water stress, aligning with deficit ir-
rigation strategies designed to conserve water while 
minimising the yield loss. This aligns with the work 
of Geerts and Raes (2009), who noted that deficit 
irrigation can optimise the water use while main-
taining reasonable yield levels.

Conversely, treatments T2 and T4, with a ky value 
of 1.00 and 1.2, respectively, exhibited a substantial 
or amplified decrease in the yield when faced with 
water deficits (Figure 14). This indicates a higher 
vulnerability to water stress and emphasises the 
necessity for consistent irrigation. These observa-
tions align with Graamans et al. (2018), who found 
that traditional irrigation methods are more sus-
ceptible to water stress than controlled irrigation 
approaches. The analyses for both years collec-
tively emphasise the advantage of precise, sensor-
controlled irrigation, as exemplified by T5, which 
supports sustained productivity with reduced water 
input followed by T3. In contrast, treatments such 
as T2 and T4 underscore the challenges faced with 
irrigation, leading to yield penalties.

Figure 13. Pearson correlation performed for the morphometric parameters of all the treatments
IW – irrigation water; LAI – Leaf area index
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The current study makes a novel contribution 
to precise irrigation management by assessing the 
crop coefficient (Kc) of greenhouse-grown okra us-
ing advanced soil water sensors (TEROS 10) and 
a digital lysimeter for greenhouse-grown okra. 
Stage-specific evapotranspiration patterns with 
clear changes in Kc from the initial through the 
middle to late growth phases validate the superior 
water use efficiency and yield potential under op-
timised drip irrigation regimes (T2 and T3 specifi-
cally). Controlled greenhouse conditions are shown 
to improve the water use efficiency (WUE) consid-
erably while repressing the pesticide and labour use 
compared with open-field conditions. The findings 
also offer broader relevance for crop production 
in water-limited environments, demonstrating that 
precision-agriculture technologies in commercial 
greenhouses can enhance resource-use efficiency 
with environmental protection.

CONCLUSION

The analysis revealed that T2 achieved a higher 
yield, followed closely by T5, highlighting the ef-
fectiveness of optimal irrigation strategies under 
greenhouse conditions for maximising the pro-
ductivity. Notably, T3 exhibited higher water use 
efficiency (WUE) and water productivity (WP), 
showcasing the benefits of balanced water man-
agement practices that conserve water while sus-
taining the output. It was observed that crop water 
consumption recorded by sensors was, on average, 
15% higher than that measured by the lysimeters. 
Despite this difference in the recorded water use, 
the yield showed negligible variation between 

the sensor-based and lysimeter-based irrigation. 
This finding underscores that both methods can 
be effectively utilised for precise water applica-
tions in greenhouse okra production. Adopting 
the crop coefficient (Kc) values from T3 could 
enhance the WP and contribute to more sustain-
able water use. These results support using either 
sensors or lysimeters for irrigation management, 
ensuring economic efficiency and environmental 
sustainability. Therefore, incorporating the Kc pat-
tern observed in T3 as a guide during the initial 
(0.32), development (0.63), mid (0.78), and final 
stage (0.41) for irrigation scheduling offers a stra-
tegic approach to optimise the water productivity 
and maintain high productivity while addressing 
water conservation needs.
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