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Abstract

Agrometeorological assessment of crop phenology and productivity helps to understand crop—weather relationships and the effects
of thermal and radiation resources on crop performance. In rainfed areas, where crop development is strongly influenced by
prevailing weather conditions, thermal indices are useful for assessing phenological development, resource-use efficiency and yield.
A field experiment was conducted during the Kharif season of 2022 at the Research Farm Area, Department of Agricultural
Meteorology, CCS Haryana Agricultural University, Hisar, to study the effect of sowing dates and varieties on phenology, thermal
indices, heat use efficiency and yield of rainfed pearl millet under semi-arid conditions. The experiment was laid out in a factorial
randomised block design with three sowing dates (24™ June, 18" July and 10 August) and three varieties (GHB 558, HHB 67
Improved and HHB 197), with four replications. Growing degree days, heliothermal units, photothermal units and heat use
efficiency were calculated to assess the thermal and radiation conditions during crop growth. Heavy rainfall of 190.8 mm during
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Standard Meteorological Weeks 3839 caused prolonged waterlogging in the 10" August sown crop, severely damaging it before
physiological maturity. The 24" June sown crop recorded greater accumulation of growing degree days, heliothermal units and
photothermal units, a longer crop duration and a higher grain yield (3974.5 kg ha™') than the 18" July sowing (2976.3 kg ha™). It
also recorded higher heat use efficiency (2.49 kg ha' °Cday') than the 18™ July sowing (2.06 kg ha' °Cday™'). Among varieties,
GHB 558 recorded the highest grain yield (4026.0 kg ha™), 1000-grain weight (9.98 g), biological yield (14531.3 kg ha™!) and heat
use efficiency (2.58 kg ha™! °Cday ). Delayed sowing reduced the accumulation of thermal indices and shortened the crop growing
period. Grain yield showed significant positive relationships with growing degree days (r = 0.72**), heliothermal units (r = 0.73%%)
and photothermal units (r = 0.71%%), while bright sunshine hours showed a strong positive relationship (r = 0.96*%*) and evening
relative humidity showed a negative relationship (r = —0.84%). Regression analysis showed strong relationships between thermal
indices and phenological development (R? = 0.97-0.99), whereas the combined model incorporating growing degree days,
heliothermal units and photothermal units explained 54.2 per cent of the variation in grain yield (R?> = 0.542, p = 0.001). The study
indicated that timely sowing during late June, particularly with GHB 558, resulted in better utilisation of thermal resources and
higher productivity of rainfed pearl millet, while delayed sowing increased the risk of yield reduction due to unfavourable weather
conditions.

Keywords:  Rainfed pearl millet; sowing date; agrometeorological indices;, growing degree days; Heliothermal units;
photothermal units; crop phenology, heat use efficiency; grain yield.

1. Introduction

Pearl millet (Pennisetum glaucum (L.) R. Br.) is an important cereal crop grown widely in the arid and semi-arid regions of Asia
and Africa. In India, it is the fourth most important cereal crop after rice, wheat and sorghum. It is a drought-tolerant C4 crop that
can give satisfactory yields even under low rainfall conditions (200—250 mm) and can withstand high temperature and moisture
stress, making it well suited to rainfed farming (Khajuria ez al., 2018). In India, pearl millet is cultivated on about 7.38 million ha,
with a production of 10.72 million tonnes and an average productivity of 1,453 kg ha™ (Department of Agriculture & Farmers
Welfare, 2024). It is mainly grown during the Kharif season in Rajasthan, Gujarat, Haryana and Maharashtra, and provides grain for
food, as well as fodder, feed and raw materials for various industries. Since the crop is mainly grown under rainfed conditions, its
growth, development and yield are greatly affected by prevailing weather conditions, particularly temperature, sunshine hours,
relative humidity and rainfall distribution. Sowing time is an important factor determining crop growth and yield, as it influences the
duration of vegetative, reproductive and maturity phases (Sattar et al., 2023). The optimum sowing time of pearl millet varies
according to the variety and region because of differences in agro-ecological conditions. Timely sowing helps synchronise the major
growth stages of the crop with favourable weather conditions, thereby improving the chances of achieving higher yield. Pearl millet
has a base temperature of about 10°C and optimum temperatures around 30-35°C. Temperature plays an important role in
determining crop duration, particularly the grain-filling period, and higher temperatures during this stage can shorten the grain-
filling duration and reduce yield (White & Reynolds, 2003).

Recent work on pearl millet has documented genotypic variation in phenological responses to temperature and photoperiod
(Carcedo et al., 2024). Field evidence from Rajasthan has also identified differences in grain yield among sowing dates and hybrids
under semi-arid conditions (Reager et al., 2023). A field-based modelling study in Tamil Nadu assessed the sensitivity of pearl
millet productivity to temperature and rainfall under different management conditions (Ramanjineyulu et al., 2024).

Agrometeorological indices such as growing degree days (GDD), heliothermal units (HTU), photothermal units (PTU) and heat use
efficiency (HUE) are useful for quantifying the thermal requirements of crops and evaluating the efficiency of heat utilisation.
These indices help in predicting crop development, scheduling agricultural operations and identifying stress periods during crop
growth (Salack et al., 2015). Additionally, thermal use efficiency (TUE) is a key measure that indicates how efficiently a plant
utilises the absorbed thermal energy to produce dry matter and yield (Balagond et al., 2020; Kumar et al., 2024). These efficiencies
vary depending on the cultivar, environmental conditions and sowing time. Since each phenological stage has a specific temperature
requirement, understanding the duration and thermal requirements of these stages under different growing conditions is important
for assessing crop performance (Halder et al., 2023). The relationship between weather conditions, agrometeorological indices,
phenology, growth and yield is therefore important for identifying suitable sowing dates and varieties under particular agroclimatic
conditions and for making better use of prevailing weather conditions to achieve optimum productivity.

A field assessment of pearl millet hybrids across sowing environments in Rajasthan identified variation in yield-related performance
among genotypes and environments (Jat et al., 2025). A rainfed experiment in Uttar Pradesh likewise reported differences in pearl
millet growth and grain yield across sowing dates and cultivars (Maya et al., 2026). Accordingly, a site-specific assessment is
needed to examine sowing-date and varietal differences in phenological development, thermal-time accumulation, heat use
efficiency and yield of rainfed pearl millet under the semi-arid conditions of Hisar.

Therefore, the present study was undertaken to quantify the effect of sowing dates and varieties on phenological development,
thermal-time accumulation and heat use efficiency of rainfed pearl millet, and to assess the relationships between weather variables,
agrometeorological indices, growth and yield. The study also aimed to develop regression models relating grain yield and
phenological development with thermal indices.

2. Materials and Methods
2.1 Experimental Site

The field experiment was conducted at the Research Farm, Department of Agricultural Meteorology, CCS HAU, Hisar (Haryana),
India (Fig. 1). It is situated at 29° 10°N latitude and 75° 46’ E longitude with an elevation of 215.2 metres above mean sea level.
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Hisar is situated in the subtropical, semi-arid climatic zone of India. The station lies under the Eastern Agroclimatic Zone of
Haryana. The experiment comprised three sowing dates (24" June, 18" July and 10™ August) and three varieties (GHB 558, HHB
67 Improved and HHB 197) and was laid out in a factorial randomised block design with four replications (Fig. 2). Daily weather
data were recorded in the agrometeorological observatory (Annexure 1).
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Fig. 1. Location of study area
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Fig. 2. Layout of Experiment conducted
2.2 Phenological Observations

The number of days taken to reach emergence, five-leaf stage, tillering, booting, 50% flowering, milk stage, dough stage and
physiological maturity were recorded for each treatment combination as days after sowing (DAS).
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2.3 Agrometeorological Indices

Growing degree days (GDD), heliothermal units (HTU) and photothermal units (PTU) were computed daily using standard
agrometeorological formulae and accumulated up to each phenological stage.

Growing degree days (°C days) =Z {(Tmax + Tmin) / 2} - Ts
Where,

Tmax = Daily maximum temperature (°C)
Tomin = Daily minimum temperature (°C)

Tb = Minimum threshold / base temperature, taken as 10°C-(ICAR)
Helio thermal units (°C days hrs) =X {GDD x BSS (n)}
Where,

GDD = growing degree days
BSS = Bright sun shine hours (hrs)

Photothermal units (°C days hrs) =X (GDD * N)
Where,

GDD = Growing degree days,
N = Maximum possible sunshine hours (hrs)

Heat use efficiency (kg/ha/°C days) = Grain Yield/AGDD
Where,

AGDD = Accumulated growing degree days (°C days)
2.4 Yield Attributes and Yield
2.4.1 Total Number of Tillers/Plant

Three plants were randomly selected from each plot, and the total number of tillers at harvest was recorded and averaged to obtain
the number of tillers per plant.

2.4.2 Effective Tillers/Plant

The total number of ear-bearing tillers on three tagged plants was counted at harvest in each plot, and the average number of
effective tillers per plant was calculated.

2.4.3 Test Weight (g)

One thousand grains were counted from each sample of winnowed and cleaned produce from each plot, and their weight was
recorded using an electronic balance.

2.4.4 Grain Yield (kg/ha)

The total biomass harvested from each net plot was threshed, cleaned and dried. The resulting grains were weighed in kg per plot
and converted to kg/ha.

2.4.5 Stover Yield (kg/ha)
Stover yield per plot was calculated by subtracting grain yield from biological yield and was then expressed in kg/ha.
2.4.6 Biological Yield (kg/ha)

After the harvested material had been thoroughly sun-dried, its weight was recorded to determine biological yield per plot and then
converted to kg/ha.
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2.4.7 Harvest Index

Economic yield

Harvest index = 100

Biological yield *
2.5 Statistical Analysis

The observations recorded for phenology, agrometeorological indices, growth parameters and yield were subjected to analysis of
variance for a factorial randomised block design, as suggested by Fisher (1950). To assess significant differences between treatment
means, the critical difference (CD) was calculated at the 5% level of significance by the following formula:

2EMS
= (1),
n

Where,

C.D. = critical difference

EMS = error mean sum of square

n = number of observations

t = value of t-distribution at 5% level of significance

2.6 Correlation and Regression Analysis

To assess the relationships among weather variables, agrometeorological indices and crop performance, and to develop a regression
model relating grain yield and phenological development to GDD, HTU and PTU, simple correlation coefficients (r) and regression
equations were calculated following the method of Snedecor and Cochran (1968).

3. Results and Discussion
3.1 Weather Conditions during the Crop Season

Weekly weather parameters were derived from the daily meteorological observations recorded at the agrometeorological
observatory of the Department of Agricultural Meteorology, located near the experimental site, throughout the crop growing period.
The weekly weather data are presented in Fig. 3 and Fig. 4. Weather conditions varied among the three growing environments,
particularly in terms of temperature and rainfall distribution. The crop sown on 24" June (D) recorded the highest mean maximum
temperature (35.1 °C), followed by the 10" August (34.4 °C) and 18" July (D>) (33.9 °C) sowings. Similarly, the mean minimum
temperature was highest in the 24™ June sowing (26.7 °C), followed by the 18™ July (26.2 °C) and 10" August (Ds) (25.9 °C)
sowings. Rainfall distribution also differed among the growing environments. The cumulative rainfall during the crop season was
356.1 mm, 479.6 mm and 247.0 mm for the 24™ June, 18" July and 10" August sowings, respectively. Although D2 received the
highest total rainfall, both D2 and D3 received heavy rainfall during the later reproductive period. A total of 190.8 mm rainfall was
received between 21 and 25 September 2022. The intense rainfall during this period resulted in waterlogging and unfavourable field
conditions, which adversely affected crop growth and development. The effect was more severe in the D3 sowing, as the heavy
rainfall coincided with its critical reproductive stage and ultimately led to crop damage.
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Fig. 3. Mean weekly values of Rainfall during Kharif 2022
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Fig. 4. Mean weekly values of important weather parameters during Kharif 2022
3.2 Phenological Development

Phenological observations were recorded daily and the results are presented in Table 1. Dates of sowing significantly influenced
phenological development. The 24" June sown crop took the longest time to reach physiological maturity (75.2 days), followed by
18™ July (70.5 days). This may have been due to the longer photoperiod during the early growth period of the June sown crop,
which delayed flowering and consequently prolonged the reproductive and maturity phases (Ort ef al., 2022). In contrast, the shorter
duration to physiological maturity under delayed sowing may be due to faster crop development under relatively higher
temperatures, which accelerated heat-unit accumulation and shortened the overall duration of the phenological stages (Bhagat et al.,
2023; Cao et al., 2024). The 10" August sown crop reached 50% flowering earliest (46.2 DAS) and showed faster development,
possibly due to relatively warm conditions during its early growth. However, it was completely damaged after 47 DAS because of
heavy rainfall and prolonged water stagnation. Among the varieties, GHB 558 took the longest to reach physiological maturity (74.8
days), followed by HHB 197 (72.9 days) and HHB 67 Improved (70.9 days), indicating varietal differences in crop duration. Lizaso
et al. (2018) also supported the result and concluded that each degree rise in temperature decreases the length of the developmental
period by a few days.

Table 1. Effect of different growing environments on Phenophase development (Days taken) of rainfed pearl millet varieties
during crop season 2022

DAS
\% Emergence  Five Tillering Boot 50% Milk Dough PM
Treatment leaf stage stage stage flowering stage  stage
Factor A (Sowing dates)
24" June 43 13.1 18.7 45.5 53.9 59.8 66.4 75.2
18 July 43 14.3 19.5 44.0 523 57.7 63.7 70.5
10" Aug 4.1 10.5 15.7 39.0 46.2 Damaged
SE(m) 0.12 0.10 0.11 0.06 0.09 0.11 0.13 0.12
CD at 5% NS 0.28 0.33 0.16 0.26 0.33 0.38 0.36
Factor B (Varieties)
GHB 558 4.5 13.1 18.5 442 522 60.5 66.1 74.8
HHB 67 Improved 3.8 12.0 17.1 41.7 49.6 574 63.4 70.9
HHB 197 4.4 12.8 18.3 42.7 50.6 58.4 65.6 72.9
SE(m) 0.12 0.10 0.11 0.06 0.09 0.13 0.15 0.14
CD at 5% 0.34 0.28 0.33 0.16 0.26 0.41 0.46 0.44

3.3 Agrometeorological Indices

The accumulated GDD, HTU and PTU increased continuously from emergence to maturity (Figs. 5-10). Among sowing dates, the
24" June sowing recorded the highest accumulation, with GDD (1597.1°C Day), HTU (10,295.1°C Day hr) and PTU (20,705.5°C
Day hr), followed by the 18" July sowing, which accumulated GDD (1443.6°C Day), HTU (9200.3°C Day hr) and PTU
(18,172.9°C Day hr). HTU accumulation was generally higher in D; during the vegetative phase and at maturity, but this pattern
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changed during the reproductive period, when D> and D3 recorded relatively higher HTU (Fig. 7). Despite the lower GDD under
delayed sowing, the higher HTU during these stages may be attributed to greater sunshine duration, which balanced the effect of
lower thermal accumulation. The 10th August sowing accumulated the least because of its shorter crop duration and terminal stress
caused by waterlogging. Among varieties, GHB 558 recorded the highest cumulative GDD (1562.5°C Day), HTU (10,079.4°C Day
hr) and PTU (19,945.0°C Day hr), followed by HHB 197 with 1518.8°C Day, 9733.3°C Day hr and 19,424.3°C Day hr,
respectively, while HHB 67 Improved recorded the lowest values of 1479.8°C Day, 9430.3°C Day hr and 18,948.4°C Day hr. The
higher GDD in D; was explained by its longer crop duration, which provided more time for heat-unit accumulation. The crop
experienced favourable temperatures during the early and middle growth stages, supporting steady accumulation of thermal time
(Banerjee et al., 2021). Thus, the variation in GDD was mainly due to the combined effect of crop duration and the temperature
pattern. Higher HTU under early sowing was due to the combined effect of higher GDD and better sunshine conditions during the
crop growth period. Similarly, the higher PTU was mainly associated with greater GDD accumulation and longer day length during
the early part of crop growth (Halder et al., 2023). With delayed sowing, the crop had a shorter growth period and encountered
progressively shorter days and less favourable sunshine conditions, resulting in lower accumulation of GDD, HTU and PTU

(Pathania et al., 2019).

1800.0
1600.0
1400.0
1200.0

1000.0
800.0
600.0
400.0
200.0 I I I I I
Hmm I

0.0

GDD (°C days)

Emergence 5 leaf Tillering Booting Flowering Milking Dough
Growth Stages

uD1 =D2 =D3

Di- 24" June, Do- 18" July, Ds- 10™ August

Fig. 5. Growing degree days {GDD (°C days)} accumulation of rainfed pearl millet under different growing environments at
different growth stages
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Heat use efficiency (HUE) was higher under D; (2.49 kg/ha/°C days) than D, (2.06 kg/ha/°C days), indicating better utilisation of
accumulated heat under early sowing (Fig. 11). Among varieties, GHB 558 recorded the highest HUE (2.58 kg/ha/°C days),
followed by HHB 197 (kg/ha/°C days) and HHB 67 Improved (2.07 kg/ha/°C days) (Fig. 12). The higher HUE of GHB 558 was
consistent with its higher grain and biological yield. Higher HUE under early sowing indicated better conversion of accumulated
heat into biomass and grain yield. Favourable temperature and thermal conditions during the reproductive and grain-filling stages
also supported better crop growth and yield formation. In delayed sowing, less favourable conditions during these critical stages
reduced the efficiency of heat utilisation (Mudassir et al., 2022; El-Ashmouny et al., 2026).
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Fig. 11. Heat use efficiency {HUE (kg/ha/°C days)} of rainfed pearl millet under different sowing dates
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Fig. 12. Heat use efficiency {HUE (kg/ha/°C days)} of different pearl millet varieties under rainfed conditions

3.4 Yield and Yield Attributes

Yield and yield attributes were recorded at maturity. As the crop sown on 10th August was completely damaged after 43 DAS due
to heavy rainfall, these observations were analysed only for the 24" June and 18" July sowing dates (Table 2). Sowing date
significantly influenced the number of total and effective tillers per plant. The 24™ June sown crop recorded higher total (5.75) and
effective tillers (5.14) than the 18™ July sown crop (5.39 and 4.81, respectively). The varieties did not differ significantly in tiller
production; however, HHB 67 Improved recorded the highest total (5.67) and effective tillers (5.13), followed by GHB 558 and
HHB 197. The greater tillering under early sowing may be due to a longer favourable growth period and better environmental
conditions, whereas lower temperature and shortened growth duration under delayed sowing restricted tiller production (Toyota &
Morokuma, 2021; Liu ef al., 2019; Joshi et al., 2016). Sowing date did not significantly affect 1000-grain weight, but it was higher
under D; (9.79 g) than D, (9.64 g). Early sowing provided a longer growing period and favourable moisture and temperature
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conditions, supporting better grain development and assimilate translocation (G. Singh ef al., 2024; Zhiipao et al., 2023; Wu et al.,
2024). Delayed sowing exposed the crop to unfavourable moisture conditions during grain filling, resulting in slightly lower test
weight (Bonelli et al., 2016; Cheng et al., 2026). Varieties significantly differed in 1000-grain weight, with GHB 558 recording the
highest value (9.98 g), followed by HHB 197 (9.67 g) and HHB 67 Improved (9.48 g). Sowing dates and varieties significantly
influenced grain, stover and biological yields. The D1-sown crop recorded higher grain (3974.5 kg ha™), stover (10656.3 kg ha™)
and biological yield (14630.8 kg ha™') than D> (2976.3, 8468.2 and 11444.4 kg ha™', respectively). Thus, timely sowing resulted in
about 34% higher grain yield. This advantage may be attributed to longer crop duration, favourable hydrothermal conditions and
better soil moisture availability, which promoted biomass accumulation and grain filling (Reddy et al., 2019; Susmita et al., 2025;
Subbulakshmi, 2022). Delayed sowing shortened the growth period and exposed the crop to excess moisture and unfavourable
weather during reproductive and grain-filling stages, reducing biomass and grain production (Bisht ez al., 2019; Maurya et al., 2016;
Detroja et al., 2018). Among the varieties, GHB 558 produced the highest grain (4026.0 kg ha™"), stover (10505.2 kg ha™') and
biological yield (14531.3 kg ha™'), followed by HHB 197 and HHB 67 Improved. The better performance of GHB 558 indicated its
better biomass production and assimilate partitioning under rainfed conditions. Harvest index was not significantly affected by
sowing dates and varieties, indicating that yield differences were mainly associated with biomass production rather than partitioning
efficiency. The highest harvest index was recorded under D; sown crop (26.98%) and in GHB 558 (27.49%). Better photosynthetic
activity and greater assimilate accumulation may have contributed to improved source—sink relationships and higher yield (Divya et
al.,2017; Joshi et al., 2003).

Table 2. Yield and yield attributes at maturity in different varieties of rainfed pearl millet under different growing

environments

Yield and yield Total no. of No. of effective 1000-grain Grain Stover Biological Harvest
attributes tillers/plant tillers/plant weight (g) yield yield yield index

(Kg/ha) (Kg/ha) (Kg/ha) (%)

Factor A (Sowing dates)
24" June 5.75 5.14 9.79 3974.5 10656.3  14630.8 26.98
18" July 5.39 4.81 9.64 2976.3  8468.2 114444 2593
SE(m) 0.10 0.11 0.09 111.84 17227 268.72 0.42
CD at 5% 0.31 0.32 NS 340.20  524.02 817.40 NS
Factor B (Varieties)

GHB 558 5.54 5.00 9.98 4026.0  10505.2 145313 27.49
HHB 67 Improved  5.67 5.13 9.48 3057.3 86259 11683.2 26.14
HHB 197 5.50 4.79 9.67 33429  9555.6 12898.4 25.73
SE(m) 0.12 0.13 0.11 136.98  210.99 329.12 0.52
CD at 5% NS NS 0.34 416.66  641.79 1001.11 NS

3.5 Relationship of Growth Parameters with Grain Yield

The correlation between grain yield and different growth parameters at different intervals is presented in Table 3. Grain yield
showed a significant positive correlation with LAI at 43 DAS (0.85%), 50 DAS (0.86*) and 57 DAS (0.86%), indicating that better
leaf area development during the reproductive period helped the crop intercept more sunshine and maintain photosynthesis,
resulting in greater assimilation for grain formation, which contributed to higher grain yield (Liu et al., 2023; Joshi et al., 2003). In
contrast, LAI at 29 DAS showed a significant negative correlation (-0.86%), suggesting that higher leaf area at the early stage did not
contribute to grain yield (Capo et al., 2023) and may have been associated with excessive early vegetative growth. Total dry matter
showed a positive and significant correlation with grain yield from 29 DAS to maturity, with values of 0.90* at 29 DAS, 0.99** at
36 DAS, 0.87* at 43 DAS, 0.81* at 50 DAS, 0.85* at 57 DAS, 0.90* at 64 DAS and 0.90* at PM. This indicated that higher dry
matter production throughout the crop period was closely associated with higher grain yield, probably because more biomass
provided greater assimilates for grain development (Liu et al., 2020; Patel et al., 2025). Plant height also showed a significant
positive correlation from 50 DAS onwards, with values of 0.87* at 50 DAS, 0.95** at 57 DAS, 0.89* at 64 DAS and 0.88* at
maturity. This indicated that better plant growth during the later stages was associated with higher grain yield (Amanullah et al.,
2021). Overall, LAI during the development stage, total dry matter throughout the crop period and plant height during the later
stages showed a strong relationship with grain yield.

Table 3. Correlation coefficients between grain yield and different growth parameters during crop season

Parameters DAS

15 22 29 36 43 50 57 64 PM
LAI 0.37 0.47 -0.86* 0.04 0.85%* 0.86* 0.86* 0.77 0.75
Plant Height 0.28 0.41 0.55 0.37 0.46 0.87* 0.95%* 0.89* 0.88*
Total Dry Matter 0.71 0.55 0.90* 0.99%* 0.87* 0.81%* 0.85* 0.90* 0.90*

*Significant at 0.05 p level, ** Significant at 0.01p level, DAS = Days after sowing
3.6 Relationship of Growth Parameters with Weather Variables

The correlation between growth parameters and weather variables at different intervals (Table 4) indicated that the influence of
weather conditions varied across developmental phases. At 22 DAS, plant height was positively correlated with maximum
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temperature (0.69%*) and minimum temperature (0.84**), while morning relative humidity showed a negative correlation (—0.67%),
indicating that warmer conditions supported early vegetative growth by increasing its relative growth rate and net assimilation rate
(Ashraf & Hafeez, 2004). During 29-36 DAS, LAI was positively related to minimum temperature (0.86** and 0.84**) and rainfall
(0.88*%* and 0.74*), whereas sunshine hours showed strong negative correlations ( —0.99*%* and —0.93**). These results indicated
that adequate soil moisture supported better leaf development, whereas clear and sunny conditions were associated with
comparatively lower canopy development, possibly due to higher evaporative demand (Gao et al., 2026; Moseki et al., 2025). TDM
at 36 DAS also showed a strong positive relationship with minimum temperature (0.90%*). At 43 DAS, LAI, plant height and TDM
were positively related to minimum temperature, evening relative humidity and rainfall, while sunshine hours showed negative
relationships with these growth parameters. This indicated that adequate moisture and suitable temperature during the active growth
period enhanced leaf development and dry matter accumulation (Andrade & Abreu, 2007; Shao et al., 2024). The negative
relationship with sunshine hours may be related to the monsoon period, when lower sunshine was accompanied by higher rainfall
and moisture availability. At physiological maturity, however, sunshine hours showed significant positive correlations with LAI
(0.84%), plant height (0.88*) and TDM (0.95**), suggesting that better sunshine availability during the grain filling stage supported
photosynthesis and biomass accumulation (Singh et al., 2017; Yang et al., 2022). Overall, temperature and moisture were more
important during the vegetative phase, whereas sunshine became more important during the later stage of crop growth.

Table 4. Correlation coefficients between different growth parameters and weather parameters

DAS Growth Weathers paramters
parameters Tmax (°C) Tmin (°C) RHm (%) RHe (%) SSH (hr) Rainfall (mm)
15 DAS LAI 0.19 0.35 -0.16 0.02 -0.47 0.18
PLANT HT 0.18 0.26 -0.17 -0.08 -0.18 0.01
TDM 0.45 0.64 -0.43 -0.19 -0.47 0.03
22 DAS LAI 0.05 0.63 -0.02 0.31 -0.83%* 0.54
PLANT HT 0.69%* 0.84** -0.67* -0.44 -0.20 -0.22
TDM 0.27 0.58 -0.25 -0.02 -0.44 0.16
29 DAS LAI -0.08 0.86** 0.04 0.62 -0.99** 0.88%*
PLANT HT 0.16 0.66 -0.19 0.23 -0.62 0.47
TDM 0.41 0.58 -0.43 -0.10 -0.36 0.15
36 DAS LAI 0.04 0.84%* -0.09 0.62 -0.93%x* 0.74*
PLANT HT 0.06 0.55 -0.03 0.44 -0.64 0.52
TDM 0.44 0.90%* -0.54 0.14 -0.65 0.30
43 DAS LAI 0.21 0.88%* 0.04 0.85%* -0.99%* 0.99%%*
PLANT HT -0.17 0.75% 0.03 0.72% -0.83%* 0.83%*
TDM -0.05 0.87** -0.11 0.69%* -0.91** 0.87**
PM LAI 0.24 0.14 -0.24 -0.37 0.84%* -0.27
PLANT HT 0.45 0.32 -0.44 -0.58 0.88%* -0.46
TDM 0.61 0.53 -0.61 -0.71 0.95%* -0.64
*Significant at 0.05 p level, ** Significant at 0.01p level, TDM = Total dry matter, LAl = leaf area index, HT = Height, DAS = Days after
sowing

3.7 Relationship of Yield with Weather Variables

The correlation between grain yield and different weather variables at different intervals is presented in Table 5. Grain, stover and
biological yield showed a significant positive relationship with bright sunshine hours (0.96**, 0.89* and 0.92**), respectively. This
indicated that better sunshine availability supported photosynthesis, dry matter accumulation and grain development (Singh et al.,
2017). In contrast, evening relative humidity was negatively correlated with grain yield (—0.84%), stover yield (—0.84*) and
biological yield (—0.85%), suggesting that prolonged humid conditions were unfavourable for crop growth and may also have
increased the risk of disease and lodging (Murria et al., 2022). Total tillers per plant were positively correlated with maximum
temperature (0.92*), minimum temperature (0.95%) and rainfall (0.93*) but had a negative correlation with morning (—0.94*) and
evening relative humidity (—0.88%). These results suggested that optimum temperature conditions along with adequate moisture
enhanced tiller formation (Singh et al., 1998; Londhe et al., 2020), while highly humid conditions were not favourable for tiller
development (Kumar ef al., 2024). Overall, better sunshine, optimum temperature and adequate moisture favoured crop growth and
yield formation.

Table 5. Correlation coefficients between yield and weather parameters

Yield Weather parameters
Tmax (°C) Tmin (°C) RHm (%) RHe (%) SSH (hr)  RAINFALL (mm)
Grain 0.76 0.64 0.75 -0.84* 0.96%* 0.76
Stover 0.77 0.66 0.76 -0.84* 0.89% 0.78
Biological 0.77 0.66 0.76 -0.85* 0.92%* 0.78
Total no of Tillers/plant 0.92% 0.95% -0.94* -0.88* 0.61 0.93*

*Significant at 0.05 p level, ** Significant at 0.01p level
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3.8 Relationship of Agrometeorological Indices with Grain and biological Yield

The correlation analysis showed positive and highly significant relationships (p < 0.01) between GDD, HTU and PTU and both
grain and biological yield, as shown in Table 6. HTU showed the highest correlation with grain yield (r = 0.73*%*), while GDD had
the strongest relationship with biological yield (r = 0.79**). The positive relationship indicated that greater thermal accumulation,
along with favourable sunshine and photoperiod, supported leaf growth, biomass production and grain development. Thus, suitable
temperature and radiation conditions during crop growth contributed to better dry matter accumulation and ultimately higher yield
(Balagond et al., 2020; MclIntyre et al., 1993). The significant correlations indicated that the existing temperature and radiation
environment during crop development played an important role in determining yield under different sowing dates and varieties.

Table 6. Correlation coefficients between thermal indices and yield of rainfed pearl millet

Thermal indices Grain Yield Biological Yield
GDD 0.72%%* 0.79%*
HTU 0.73** 0.78%%*
PTU 0.71%* 0.77**

** Significant at 0.01p level. GDD - Growing Degree Days; HTU - Heliothermal Units;, PTU - Photothermal Units
3.9 Regression Model for Yield Prediction and Phenological Development

The regression analysis showed a close linear relationship between accumulated thermal indices and phenological development of
rainfed pearl millet (Figs. 13—15). The relationship was strongest with GDD (R? = 0.9981; y = 0.0486x — 1.234), followed by PTU
(R?=0.9945; y = 0.0038x — 1.301) and HTU (R? = 0.9726; y = 0.0075x — 0.665). The very high R? values indicated that thermal-
time accumulation was closely associated with the rate of phenological development at successive growth stages (G. Singh et al.,
2024; P. N. Singh et al., 2025).
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Fig. 13. Relationship between accumulated growing degree days (GDD) and phenological development of rainfed pearl
millet
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Fig. 14. Relationship between accumulated Helio thermal unit (HTU) and phenological development of rainfed pearl millet
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Fig. 15. Relationship between accumulated photo thermal unit (PTU) and phenological development of rainfed pearl millet

The relationship with grain yield was comparatively weaker, as shown in Figs. 16—18. Grain yield showed a positive relationship
with GDD (R? = 0.524), HTU (R? = 0.531) and PTU (R? = 0.503), which was also supported by their significant positive
correlations (r = 0.724**, 0.729** and 0.709**, respectively). The correlations with biological yield were slightly higher (r =
0.787**,0.782** and 0.774**, respectively). This shows that thermal accumulation had a considerable impact on crop development
and yield, but grain production also depended on other factors such as moisture availability, sunshine, humidity and temperature
conditions during the critical growth stages. The combined effect of the three indices was also examined through multiple regression
(Fig. 19). The model explained 54.2 per cent of the variation in grain yield (R? = 0.54; adjusted R? = 0.47) and was highly
significant. The positive coefficients for GDD and HTU indicated their contribution to yield, while the negative coefficient for PTU,
when GDD and HTU were included in the model, may be due to the close relationship among these indices. Overall, the results
suggested that thermal indices were highly useful for explaining phenological development, but thermal indices alone did not
account for the variation observed in grain yield as it was also influenced by other environmental factors (Alsaber et al., 2025).
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Fig. 16. Relationship between accumulated growing degree days (GDD) and grain yield of rainfed pearl millet
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Fig. 17. Relationship between accumulated Helio thermal unit (HTU) and grain yield of rainfed pearl millet
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Fig. 18. Relationship between accumulated photo thermal unit (PTU) and grain yield of rainfed pearl millet
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4. Conclusion

The present investigation established that sowing time and variety influenced phenology, growth and yield of rainfed pearl millet
under the semi-arid conditions of Hisar. The variability was mainly associated with the thermal and radiation conditions experienced
by the crop during its growth period. The 24™ June sown crop resulted in a longer crop duration and more favourable growing
conditions, resulting in higher accumulation of GDD, HTU and PTU, better heat use efficiency and higher grain, stover and
biological yields than the 18" July sown crop. In contrast, the 10" August sown crop encountered heavy monsoon rainfall and
waterlogging, leading to severe crop damage and failure to reach physiological maturity. This indicated the production risk
associated with very late sowing under the variable monsoon conditions of the region. Among the varieties, GHB 558 performed
better than HHB 197 and HHB 67 Improved, recording higher thermal-unit accumulation, heat use efficiency, grain yield, biological
yield, test weight and harvest index. The longer duration of this variety allowed greater accumulation and utilisation of thermal
resources during crop growth. The weather—growth relationships showed that bright sunshine hours and evening relative humidity
were important factors associated with yield formation. Adequate temperature and moisture during the vegetative period enhanced
tillering, leaf development and dry matter accumulation, whereas better sunshine availability during the later stages contributed to
crop growth and yield formation. The accumulated GDD, HTU and PTU showed very close relationships with phenological
development (**R? > 0.97**), confirming their usefulness in explaining crop progression. Their relationship with grain yield was
moderate (**R? = 0.50-0.53*%), indicating that yield was influenced by several environmental factors in addition to thermal
conditions. Combining the three indices in a multiple regression model slightly improved grain-yield prediction (¥*R? = 0.54%%).
Under the agro-meteorological conditions prevailing at the experimental location during the study season, the results indicated that
timely sowing around the latter part of June, particularly with GHB 558, is suitable for improving rainfed pearl millet productivity
under the semi-arid conditions of Hisar. Sowing beyond mid-July, particularly during August, may expose the crop to greater
weather-related risks and should therefore be avoided. The thermal indices computed from daily weather observations can also be
used for predicting phenological stages, planning crop operations and developing simple weather-based yield forecasting
approaches for pearl millet in the region.

5. Limitations

The investigation was conducted at a single location during one kharif season, limiting the extent to which the observed sowing-date
and varietal responses can be generalised across years or agroclimatic conditions. Severe waterlogging damaged the August-sown
crop before physiological maturity, preventing a comparable yield assessment for that sowing date. The reported correlations
describe associations and do not establish causal effects of individual weather variables. Although thermal indices were strongly
related to phenological development, the combined regression explained only part of the observed variation in grain yield.
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Annexure

Annexure 1. Weekly meteorological data at during Kharif 2022 at Agromet Observatory, CCSHAU Hisar

SMW_ Temperature (°C) Relative Humidity(%) Bright Sun Shine (Hours/day) Rainfall (mm)
MAX MIN M E
25 33.1 229 84.3 49.5 4.6 10.9
26 39.8 28.6 68.0 432 5.0 0.0
27 36.5 28.5 82.3 55.8 6.3 2.4
28 35.6 27.0 84.4 66.1 7.4 45.6
29 352 26.6 89.5 73.1 7.9 101.0
30 33.0 27.0 90.0 77.0 8.7 17.6
31 323 26.4 95.0 83.0 8.9 132.1
32 33.7 27.6 85.7 65.1 8.4 2.4
33 335 26.1 88.0 63.6 7.7 55.0
34 343 26.1 89.9 64.1 6.6 0.0
35 355 25.6 85.9 53.0 6.1 0.0
36 36.7 253 84.4 48.4 5.7 0.0
37 353 26.5 85.4 58.5 53 1.2
38 34.6 24.7 88.8 65.2 53 443
39 303 24.0 929 69.1 6.5 146.5
40 335 234 84.3 51.6 7.2 0.0
41 27.0 20.5 93.8 72.1 7.8 1.3
42 329 18.2 83.9 40.5 7.3 0.0
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  Harvest   index =   Economic   yield  Biological   yield ∗ 100
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