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ABSTRACT

Rainfed sorghum production is profoundly vulnerable to climate variability. Sowing the crop at an appropriate time could be one of the most
crucial climate-resilient options to improve the yield. The well-calibrated and validated CERES-Sorghum model was employed to study the
rainfed sorghum response to varied environments over the long term (1983-2021) and to determine the optimum sowing window at Coimbatore,
Tamil Nadu. The CERES-Sorghum model was used for automatic-planting with a different minimum threshold of 50,60,70 and 80 percent soil
water content at 15 cm soil depth under various sowing windows from 1*September to 13" October at a 7-day interval. The model results of
automatic planting event indicated the best performance of 1% September sowing window at 50 percent soil water content over 39 years under
semi-arid environment. The temperature rise of 1°C exhibited no significant influence on sorghum grain yields at all sowing windows and a
slight reduction in yield was observed at an elevated 2°C temperature. A further rise in temperature reduced the yield drastically on September
month sowings. Across the sowing window, first week sowing window (1% to 7™ September) yield was higher under current climatic conditions.
The yield of 1% September sowing window remained higher in the elevated temperature conditions as well as in both deficit and excess rainfall
conditions than other sowings. In current and future climatic conditions, 1% September sowing window would be the best sowing time to mitigate
climate risk in rainfed sorghum.
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Climate variability and change are escalating the levels of
food crises and acute food insecurity around the globe. Increasing
temperatures, erratic precipitation patterns, reduced precipitation,
rising frequency of extreme events, viz., droughts and floods, and
massive storm surges devastate the agriculture fields and have
widespread substantial implications for socio-economic activities
across the world (Affoh et al., 2022). The IPCC has emphasised
that climate change triggered extreme weather events would cause
multi-dimensional impacts on various sectors in the region that
house vulnerable populations, especially in South Asia, including
India (Elbasiouny et al., 2022). Agriculture faces 26% of the loss

and damage in developing countries owing to climate-related
calamities (Haig et al., 2019). The majority of rural populations are
engaged in agriculture and rely on the monsoon for their livelihoods
in arid and semi-arid regions, facing serious challenges.

The recently constructed Socioeconomic Pathways
(SSPs) blend with radiative forcing levels of Representative
Concentration Pathways (RCPs) under the Coupled Model Inter-
Comparison Estimate 6 (CMIP6) has projected the climate and
outlined in The Physical Science Basis report of Intergovernmental
Panel on Climate Change’s (IPCC’s). In the very low Greenhouse
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Gas Emission (GHG) scenario (SSP1-1.9), the average world
surface temperature during 2081-2100 is likely to increase by 1.0°C
to 1.8°C. It might rise up to 2.1°C to 3.5°C in the moderate scenario
(SSP2-4.5), and 3.3°C to 5.7°C in the high GHG emissions scenario
(SSP5-8.5). For every 1°C increase in global warming, extreme
daily precipitation episodes are expected to worsen by roughly 7 per
cent (Faranda et al., 2022). It is estimated that climate change might
impair food security because it will have the greatest impact on the
agriculture sector. Climate change is predicted to have a detrimental
impact on production of wheat, rice, maize and sorghum in tropical
and temperate regions, even with local temperature increases of 2°C
(Challinor et al., 2014).

Across the country, India demonstrates significant
variability in rainfall due to its unique geographical position,
topography variations and increasing trends in the atmospheric
temperature. In Tamil Nadu, water availability for agricultural
production is becoming highly uncertain due to huge inter-seasonal
and annual variations in rainfall. It experienced ten drought years
during the last four decades (Rajkumar et al., 2020). Tamil Nadu
has 45 percent of its gross cropped area under rainfed cultivation,
which is vulnerable to the highly varying monsoon and frequent
occurrences of drought.

Sorghum is an important nutraceutical crop for small
and marginal farmers across the semi-arid tropics (SAT) of the
world. Globally, sorghum is the fifth most important crop after rice,
wheat, maize and barley, whereas in India it is the fourth largest
crop. Sorghum is considered a climate smart crop that can be grown
successfully under moisture stress conditions and with inadequate
inputs (Chadalavada et al., 2021). In India, more than 90% of the
sorghum cropped area is under rainfed conditions. At present,
sorghum is being cultivated in both the monsoon (1.85 m ha) and
post-rainy (2.89 m ha) seasons. In Tamil Nadu, the total area under
sorghum cultivation is 4.05 lakh hectares, with a production of
4.27 lakh tonnes (Nagesh Kumar et al., 2022). Compared with the
global average (1481 kg ha™') sorghum productivity in India is rather
low, mostly because the crop is cultivated under rainfed conditions
(Anbazhagan et al., 2022). According to IPCC sixth assessment
report the average global surface temperature increased by 1.1°C
in 2011-2020 compared to 1850-1900 and these changes have
a significant influence on productivity of grain crops, including
sorghum (Adak et al., 2023).

Achieving zero hunger and food security is a top priority
in the United Nations Sustainable Development Goals (UNSDGs).
In an era characterized by high population growth and increasing
pressure on agricultural systems, efficiency in the use of natural
resources has become central to sustainable agricultural practices.
Selection of best sowing windows would maximise the crop
production and also avoid economic losses significantly. The
sowing time is critical factor for optimising sorghum grain yield.
Consequently, farmers must understand the response of sorghum
to the sowing windows. Improper sowing time would lead to
serious damage or limit growth and development of the crops. The
sowing time exerts a great influence on the growth and productivity
of crops as it experiences varied environmental states. Analysis
of long-term climate variability impact on sowing time offers an
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extensive understanding of potential risks associated with climate
in crop production and helps determine appropriate sowing time.
Conducting multi-year field experiments is costly and time-
consuming, reliable, well-validated crop simulation models can be
helpful under such conditions to simulate the long-term impact of
climate variability on crops (Holzworth et al., 2014). The present
study aimed to (i) understand the response of rainfed sorghum
to varied growing environments (ii) explore the optimal sowing
window for rainfed sorghum in western zone of Tamil Nadu.

MATERIALS AND METHODS
Experiment details

The present study was designed and conducted in the
Department of Agronomy at Tamil Nadu Agricultural University,
Coimbatore located at a latitude of 11° N and a longitude of 77°E with
an altitude of 426.7 m above mean sea level (amsl). The sorghum
[Sorghum bicolor (L.) Moench] crop variety K 12 (Kovilpatti
12) was planted with a spacing of 45x15 cm. All the agronomic
practices were followed as per TNAU recommended practices for
the crop. The recommended dose of fertilizer for irrigated sorghum
(90:45:45 kg NPK ha!') were applied in the form of urea, single super
phosphate and muriate of potash. Fifty percent of the recommended
dose of nitrogen (RDN), the entire dose of phosphorous and potash
were applied basally at the time of sowing. The remaining 50% of
the nitrogen was applied by the two-split application on 15" day
(25%) and 30" day (25%) after the sowing of sorghum. The dose
of nitrogen was applied as per the treatments. The field experiment
was carried out during the period 2022-2023, with different sowing
dates and nitrogen levels to calibrate and validate the model. The
experimental data collected during 2022 from three sowing dates
(First fortnight of April, second fortnight of April, and first fortnight
of May) fertilized with the recommended dose of nitrogen (RDN: 90
kg N ha') and an increased level of nitrogen by 25% RDN (112.5
kg N ha') was used for calibration. The independent dataset for the
same treatments obtained from the experiment conducted in 2023
was utilized for validating the model. The soil, weather, and crop
management files were created in CERES-Sorghum model using
the soil profile data, crop growing environment and crop production
practices followed in the experiments.

Model calibration and validation

The observed dates of anthesis, physiological maturity,
and yield were compared with the simulated values to calibrate
and validate the model using a set of statistical indices such as the
root mean square error (RMSE) (Loague and Green 1991), index of
agreement (d) (Willmott et al., 1985), Mean Absolute Percentage
Error (MAPE) and coefficient of determination (r?).

Seasonal analysis in model

The validated CERES-Sorghum model was employed to
simulate grain yield for multiple years for rabi seasons using the
seasonal analysis tool available in the model. The long-term weather
data of 39 years (1983-2021) obtained from Agro Climate Research
Centre (ACRC), TNAU was used for multiple-year simulations.
The recommended sowing window for sorghum in western zone of
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Tamil Nadu during rabi is September-October. The sorghum yield
was simulated for multiple years under different sowing windows.

Sowing window modelling

The sowing is normally taken up in the first and second
week of September by the farmers. In the present study, sowing
windows were considered for rabi sorghum from 1 September to 13
October. The sowing was performed with a 7-day interval between
each of the sowing window. In Tamil Nadu, 85 % of the sorghum
area is under rainfed cultivation, and thus rainfall directly determines
the planting time. Therefore, the automatic planting rules option
available in CERES-Sorghum model was applied to take up sowing
under a different sowing window. The automatic planting option of
the model works in association with the soil water content specified
in the model to evoke the planting event. The model prompted the
planting when the desired soil water content was met in the given
sowing window. The planting rule was kept in the model with a
minimum threshold of four soil water content levels of 50,60,70 and
80 percent and an upper soil water content of up to 100 percent at
15 cm soil depth.

The model performed the automatic planting operation
every year under a different sowing window when the automatic
planting condition was attained. There are years where planting
wasn’t done if the auto planting condition wasn’t met. In each
sowing window, the number of years that had automatic planting
and number of years with failed automatic events were counted for
determining the best planting. The sowing window with maximum
successful automatic planting years and the highest yield was
identified as the best sowing window.

Climate change effect on sorghum

The individual and combined effects of temperature on
sorghum were studied at different dates of sowing. The individual
effects of temperature increase of 1,2,3,4 and 5 °C, rainfall increase
of 10, 20, 30, 40 to 50%, and reduction of 10,20,30, 40 to 50 %
on sorghum were studied. The combined effect of temperature and
rainfall scenario were also investigated under different dates of
sowing.

RESULTS AND DISCUSSION
Determination of genetic coefficient

The growth and yield contributing parameters were
adjusted until a satisfactory match was achieved between the model’s
simulated and observed growth and yield parameters by repeated
iterations as per procedure given by Amouzou et al., (2018). The
derived genetic coefficient values for K12 are furnished in Table 1.

Model calibration and validation

The calibration results indicated the RMSE for anthesis
physiological maturity and grain yield were 2.78 days, 3.28 days
and 300.17 kg ha! respectively. At the same time, the BIAS, MAPE,
r? and D values were also calculated for the same parameters. The
BIAS for anthesis was 4.6%, physiological maturity was 3.5% and
sorghum grain yield was 7.1%. The MAPE observed for anthesis,
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physiological maturity and sorghum grin yield was 4.56, 3.50 and
7.14 respectively. The r? value for anthesis was 0.94, physiological
maturity was 0.93 and the grain yield is 0.81. The d-statistics for
anthesis was 0.76, physiological maturity was 0.73, and grain yield
was 0.80. The results clearly demonstrated an adequate agreement
between the observed and simulated anthesis, physiological
maturity and the sorghum grain yield (Table 2). It is evident from
the results that the crop model’s cultivar-specific parameters
(genetic coefficients) were appropriately modified and defined the
characteristics of the test cultivar.

The statistical test for validation showed high goodness
of fit with the r? value of 0.95 for anthesis, 0.93 for physiological
maturity and 0.85 for sorghum grain yield, indicating good
performance of model. The d statistical value (D value) was 0.78 for
anthesis, 0.71 for physiological maturity and 0.83 for grain yield.
The BIAS for anthesis, physiological maturity and sorghum grain
yield were 3.9%, 4.5% and 5.3% respectively. The MAPE was
found to be 3.94 for anthesis, 4.46 for physiological maturity and
5.31 for sorghum grain yield. RMSE values of 2.56 for anthesis and
3.49 days for physiological maturity and for grain yield of 248.1
kg ha! exhibit a good analogy between the simulated and observed
values.

The r* values obtained above 0.8 for both calibration and
validation indicated a good association between observed and model
simulated data. The BIAS value indicated that CERES-Sorghum
model simulated values were marginally higher than the observed
values. The satisfactory D values showed the strong capability of the
model in predicting the sorghum grain yield. The examination of the
model revealed that the simulated and actual values fitted quite well,
demonstrating the efficacy of the model in simulating phenology
(anthesis and flowering) in the semi-arid environment. The findings
also suggested that the model may be applied to a variety of tasks,
including determining the optimum sowing window for sorghum
production in the research region’s present and future climate
conditions and examining how climate change will affect sorghum
productivity.

Long-term variability in sowing window

Analysis of results on automatic planting events over 39
years revealed (Table 3) that the number of years with automatic
planting was higher in October sowing windows compared to
September sowing windows at all given minimum thresholds of
soil water content levels, viz., lower soil-water content levels of
50, 60, 70, and 80 percent. A lower number of failed auto-planting
events was observed with October sowing than with September
sowing. Among the September sowing windows, the 1 September
sowing window (first week of September) had the highest number
of successful automatic planting events (28) at 50 percent lower
soil water content which is on par with 22" September sowing
window. However, it is comparable with other sowing windows
except the 8" sowing window, with a difference of up to two events.
The 1 September sowing windows demonstrated the 20 events at
60 percent lower soil water content, which is on par with the 15"
September and 22" September sowing windows. At 60,70 and
80 percent lower soil water content, the 29" September sowing
window showed the highest number of years of planting, with
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Table 1: Genetic co-efficient of sorghum variety K 12
P1 P2 P20 P2R PANTH P4 P5 PHINT Gl G2
410 88 11.7 88 550.5 75.5 530 60 5.1 6.6
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Fig. 1: Probability of exceedance for sorghum grain yield across seven sowing windows with automatic planting under four levels of soil water

content

26, 24 and 18 years, respectively in September sowing windows.
More failed automatic planting was observed in the 8" September
sowing window at all lower soil water content levels. Regarding
the October sowing window, 13" October recorded the highest
automatic planting events of 36, 33, 28 and 20 at 50, 60, 70, and
80 percent content, respectively. The higher number of years with
successful events of automatic planting at all soil water levels in
October than September can be attributed to the higher amount of
rainfall received during the October sowing window period (Yadav
et al., 2015). Similarly, the late sowing window (29" September)
of September had the highest occurrence of automatic planting at
increased soil water content levels associated with the receipt of
increased rainfall during that sowing window (Vishnoi et al., 2020).

Long-term sorghum yield variability under different sowing
window

The weather conditions that prevail during the crop
growing season mainly determine crop growth and productivity.
Analysis indicated that the sorghum grain median yield attained its
peak at the 1% September sowing window and thereafter declined
towards the sowing window, progressing at a 7-day interval till
the 13" October sowing window under 50, 60, and 70 percent soil
water content. The September sowing window up to 22" September

showed that 50 percent of the years didn’t meet the criteria of the 70
percent soil water content set for automatic planting, which led to no
crop in 50 percent of years. Further, 100 percent of years exhibited
zero yield due to the fact that all years had no crop at the present
condition of 80 percent soil water content for automatic planting
up to 15" September sowing window. The highest average yield
produced under 1% September the sowing window found to be 2235
kg ha' and the lowest average yield of 1214 kg ha' was recorded
under 13" October sowing window at 50 per cent soil water content.
The second maximum median yield was noticed in September 15
sowing window with average yield of 1808 kg ha'and 1383 kg ha!
at 50 and 60 percent soil water content respectively. The coefficient
of variation (CV) of the grain yield is less at 50% soil water content,
and it is on the increasing side when the requirement of soil water
content increases for the occurrence of automatic planting. Less
variability over the years was observed with automatic planting at
50% and 60 % soil water content compared to automatic-planting
done at 70 and 80 % soil water content. The lower CV values at
lower soil water content might be linked to the number of years
that had enough predetermined moisture to trigger the automatic
planting, which resulted in a minimum failure of the automatic
planting event and less inter-annual variability at different sowing
windows (Akinseye et al., 2023). In contrast, more years of
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Table 2: Comparison between simulated and observed anthesis date, physiological maturity (days), grain yield of K 12 sorghum cultivar

during model calibration and validation

Parameters Calibration Validation
Days to Days to physiologi-  Grain yield (kg Days to Days to physiologi- Grain yield (kg
anthesis cal maturity ha™) anthesis cal maturity ha™)
Observed 60 93 3795 59 91 3569
Simulated 63 96 4063 62 94 3755
2 0.94 0.93 0.81 0.95 0.93 0.85
d 0.76 0.73 0.8 0.78 0.71 0.83
RMSE 2.78 3.28 300.17 2.56 3.49 248.1
BIAS (%) 4.6 3.5 7.1 3.9 4.5 53
MAPE 4.56 3.5 7.14 3.94 4.46 5.31

Table 3: Sowing window with the number of automatic planting years at various soil water content thresholds

Sowing window (7-day interval)

Planting occurred - No. of years and percentage of years (%)

50 % SWC 60%SWC 70%SWC 80% SWC
01-Sep 28 (72) 20 (51) 12 31) 8(21)
08-Sep 23 (59) 14 (36) 11 (28) 7(18)
15-Sep 26 (67) 20 (51) 15 (38) 9(23)
22-Sep 27 (69) 20 (51) 19 (49) 15 (38)
29-Sep 28 (72) 26 (67) 24 (62) 18 (46)
6-Oct 33 (85) 29 (74) 24 (62) 19 (49)
13-Oct 37 (95) 33 (85) 28 (72) 20 (51)

SWC: Soil water content, the percentage of years is given in parenthesis
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Fig. 2: Effect of elevated temperature and rainfall changes on sorghum yield

failed planting events occur when soil water content is fixed to be
increased to incite automatic planting, leading to more CV. At lower
soil-water content, the planting event is more dependable, indicating
a higher possibility of taking up sowing with more confidence under
different sowing windows during the rabi season.

The exceedance probability of sorghum grain yield under
each sowing window (Fig. 1) demonstrated a greater difference for
automatic-planting at various soil water content levels.

The automatic-planting at early sowing window (1%
September) showed that there is about 70 % probability for getting
yield above zero while the late sowing window had the higher
probability of about 95 % for obtaining yield exceeds zero with
the automatic-planting at 50 % soil water content. However, the

maximum chance of obtaining higher grain yield was observed in
early sowing window crop at automatic-planting under all 50, 60,70
and 80 % soil water content levels and thereafter the probability
of getting lower grain yields was found at automatic-planting
under various soil water content. Such variations were related to
prevailing rainfall during growing period of sorghum crop. In
general, early sown crops during rabi receive a sufficient amount of
rainfall at all the growth and reproductive phases, while late sown
crops suffer moisture stress from the beginning of reproductive
stage till the end of harvest, thus producing a lower yield (Singh,
2023). The vegetative and reproductive stages of the crop are the
most important crop stages that determine crop production, water
stress at this stage lowering the crop yield by more than 35% and
50%, respectively (Gohain et al., 2022).
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Impact of elevated temperature and rainfall changes on sorghum

Crop growth and productivity are mainly determined
by the weather conditions that prevail during the growing season.
Rainfall and temperature are the most critical environmental
factors that play a predominant role in determining the growth and
productivity of crops (Praveen and Sharma, 2019). The impact of
elevated temperature and rainfall changes on sorghum yield was
assessed with automatic planting at 50% soil water content under
different sowing windows. It was observed that among the sowing
windows, the 1st September sowing window performed well with
a higher median yield under the current climatic conditions and
also modified environmental conditions. The effect of elevated
temperatures and rainfall on sorghum productivity is presented
in Fig. 2. In the 1% September sowing window, the increase in
temperature by 1°C to 5°C reduced the yield by 4.1 to 34.9%. The
yield declined by 1.8 to 32.5% in 8™ September, 2.5 to 28.8% in 15™
September sowing window with respect to an elevated temperature
of by 1°C to 5°C. An increase in temperature beyond certain level
drastically reduced the yield (Rai er al., 2021). An increase in
temperature above optimum range in the early sowing windows
might have led to flower drop, poor pollination, less grain filling
and also reduced grain size and subsequently a decline in grain
yield (Prasad et al., 2006). The 22" September sowing window
demonstrated the positive effect by the yield improvement of 5.1,
5.6 and 1.4 % at the 1°C, 2°C and 3°C respectively while above 3°C
increase in temperature showed a negative effect during that sowing
window. The temperature increases of up to 4°C increase uplifted
the yield in the rest of the sowing windows might be due to the
exposure of crops to the optimal temperature range grown under the
late sowing window. The maximum yield increase of 5, 9,6,11,14,9
and 10 % was observed at the 1% September, 8" September,15™"
September,22™ September, 29" September, 6" October and 13"
October sowing window respectively due to the increased rainfall
of up to 50%.

The magnitude of the effect posed by reduced rainfall is
larger than the increased rainfall that caused the yield losses of up
to 30 % across the sowing with 50% reduction in rainfall. Despite
the fact that the last three sowing windows from 29" September to
13" October experienced the advantageous effect of an elevated
temperature of up to 4°C the 1% September sowing window (early
sowing window) exhibited a higher yield among all the sowing
window. Similarly, 1% September sowing window showed a
higher yield under both deficit and excess rainfall of 50 % over
other sowing windows. The sufficient rainfall received in the 1*
September sowing window might have favoured the productivity
of sorghum.

CONCLUSION

The study highlighted the response of sorghum sown at the
required moisture through the automatic planting option available
in CERES-Sorghum model under different sowing windows over
the 39 years (1983-2021). Sowing the sorghum crop at different
moisture levels influenced the rainfed sorghum yield. The automatic
planting done at the first week sowing window under 50% soil water
content showed higher yield than other soil water content levels and
sowing windows. In the first three sowing window at 7 days interval
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from 1% September up to 15" September, every degree increases
in temperature showed a detrimental effect on sorghum and 22
September sowing window up to 3°C increase in temperature
rendered beneficial effects to the sorghum crop. However, a more
than 3°C increase in temperature negatively affected the crop sown
during the 22" September sowing window. The elevated temperature
of up to 5°C positively influenced the yield of the crop sown in
29" September sowing window. Similarly, 6" October and 13%
October sowing window benefited from the increase in temperature
up to 4°C and beyond 4°C caused deleterious effect on sorghum
productivity. The rainfall increases of 50 % increased the yield to
a certain extent, with the maximum increase of 13.5 percent in 29
September sowing window. The reduction in rainfall decreased the
yield in all the sowing windows. In the first three sowing windows
the magnitude of the adverse effect of elevated temperature was
higher compared to the effect of reduced rainfall whereas in three
sowing windows a reduction in rainfall led to yield loss but elevated
temperature improved the yield. The present investigation indicated
that appropriate time of sowing utilizing the availability of required
soil moisture would improve rainfed sorghum productivity.
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