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Understanding the long-term trends in temperature is crucial for assessing the impacts of climate 
change on agriculture, human and animal health, and natural habitats. An in-depth analysis of long-
term spatio-temporal trends of monthly maximum and minimum temperatures along with Diurnal 
Temperature Range (DTR) from 1951 to 2022 in various Agro-Climatic Zones (ACZs) of India was 
performed using newly introduced Innovative Polygonal Trend Analysis (IPTA) and Innovative Trend 
Analysis (ITA) along with traditional Mann-Kendall (MK) or modified Mann-Kendall (m-MK) tests. 
The MK/m-MK and IPTA assessments detected significant trends in 44.6% and 86% of the time series 
data, respectively, while the ITA method detected significant trends in every time series data. The 
southern, western, and central parts of India are consistently experiencing rising monthly maximum 
and minimum temperatures. The western dry region, Central Plateau & Hills, East Coast Plains & 
Hills, Gujarat Plains & Hills, West Coast Plains & Hills, Southern Plateau & Hills, Western Plateau & 
Hills and Eastern Himalayan Region predominantly show increasing trends in both maximum and 
minimum temperatures in all months. The Indo-Gangetic Plains (Middle, Trans, Upper and Lower) 
exhibit decreasing trends in maximum temperatures during January, February, May, and June. The 
DTR showed increasing trends in the northern and western parts, while it has increasing trends in 
the central and southern parts of the country. The results of this study provide valuable information 
to assist in precise and informed decision-making on agricultural resource management and socio-
economic policies.
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The year 2023 was recorded as the warmest year globally, soaring at approximately 1.45  °C global average 
near-surface temperature, closest to 1.5 °C of the Paris agreement1. At the same time, the number of acutely 
food insecure individuals worldwide has more than doubled, surging from 149 million before the COVID-19 
pandemic to a staggering 333 million in 20232. While weather and climate extremes may not be the sole cause, 
they are exacerbating factors, compounding the challenges faced by vulnerable communities3–5. For agriculturally 
vital nations like India, where the agricultural sector sustains millions, understanding and addressing long-term 
temperature trends becomes even more crucial to alleviating the impacts of climate change on food security and 
livelihoods.

In contemporary research, the Mann–Kendall (MK) and modified Mann-Kendall (m-MK) tests with Sen’s 
slope (SS) are extensively employed in trend analysis of meteorological variables6–13. However, their application 
necessitates certain assumptions regarding the data quality, like normal distribution and independence from 
autocorrelation14. A novel trend analysis approach called the Innovative Trend Analysis (ITA) method was 
introduced by Şen15, which enables a graphical assessment of trends in time series data without imposing any 
specific assumptions. Also, the visualization of trends using ITA offers a unique advantage in understanding 
trends across high, medium, and low values within the dataset. ITA has been extensively used to identify trends 
in meteorological variables across diverse regions globally16–20. However, these methods, including the ITA, do 
not capture periodic trends, such as monthly variations, essential for understanding seasonal trend behaviors21. 
The newly introduced Innovative Polygonal Trend Analysis (IPTA) was utilized in our study to address this gap. 
IPTA involves partitioning a data series into two distinct subsets, subsequently subjecting them to comparative 
analysis, which provides more practical graphical and numerical information on the trends between successive 
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months, their slopes and lengths, homogeneities, isotropies, etc21. The IPTA was recently utilized by researchers 
across the globe to visualize the trend of meteorological parameters22–25.

Detecting trends comprehensively through the aforementioned parametric and non-parametric methods is 
crucial for effectively detecting trends in time series data21,26. Despite this necessity, only a few studies from India 
have adopted this approach. To the best of our knowledge, none of the studies have employed IPTA to detect 
trends across India, except for very few regional studies.

With this background, we planned our work with objectives to analyze and map the trends in monthly 
maximum and minimum temperature time series data along with Diurnal Temperature Range (DTR) of 72 
years (1951–2022) for agro-climatic zones of India using MK, m-MK, SS, ITA and IPTA tests. This paper stands 
out due to its examination of Sen’s innovative and polygonal trend test compared to the MK analysis. Unlike 
previous studies in the same area, it emphasizes the importance of analyzing a broader geographical area with 
comprehensive statistical methods to gain a deeper insight into the changing temperature patterns across both 
spatial and temporal dimensions.

Materials and methods
Study area and data
India, positioned as the seventh largest nation globally, lies north of the equator, extending from 8° 4′ N to 37° 6′ 
N in latitude and 68° 7′ E to 97° 25′ E in longitude. India has been divided into 15 Agro-Climatic Zones (ACZs 
) delineated according to various physical factors such as soil type, cropping patterns, rainfall distribution, 
irrigation development, topography, geological structure, and mineral resources27. This paper analyzes the 
temperature trends of 14 mainland ACZs in India (Fig. 1). In the current study, daily 1° × 1° resolution gridded 
temperature data (maximum and minimum) of 1951–2022 (72 years) developed by the India Meteorological 
Department (IMD) was utilized28. The dataset included temperature readings from 395 quality-controlled 
and evenly distributed ground stations until 2007, with subsequent data from 2008 onwards derived from 
approximately 180 stations. Subsequently, the daily maximum and minimum temperature data were processed 
to calculate the mean monthly temperatures for each district. The diurnal temperature range (DTR) was also 
calculated from the grid data as the difference of maximum and minimum temperature29.

Methodology
The MK, m-MK, SS estimator, ITA, and IPTA methods were used to analyze trends and their magnitude of 
monthly maximum and minimum temperatures. At the same time, the ITA was utilized to study the trends of 
monthly DTR.

Mann–Kendall (MK)/modified Mann–Kendall (m-MK) method and Sen’s slope (SS) estimator
The rank-based MK test30,31 is used to detect significant trends in the temperature time series data5. The trends 
of meteorological time series data are frequently affected by autocorrelation32.

m-MK test incorporating variance correction approach33 was used for datasets exhibiting autocorrelation. 
Statistically significant lag-1 autocorrelation coefficient (ACC) in the data was determined utilizing the 
methodology outlined by Shahin et al.34 and Haan35 with significance tested at 5% levels. If the ACC was 
statistically significant, the m-MK test was employed to identify the trends36. Conversely, the m-MK test was 
not utilized for data lacking significant autocorrelation. In both the MK and m-MK tests, positive and negative 

Fig. 1.  Study area map showing 14 main land ACZ’s of India. Created by ArcGIS Desktop v 9.1. ​h​t​t​p​s​:​​/​/​w​w​w​.​​e​s​
r​i​.​c​​o​m​/​e​n​​-​u​s​/​a​r​c​g​i​s​/​p​r​o​d​u​c​t​s​/​a​r​c​g​i​s​-​d​e​s​k​t​o​p​/​o​v​e​r​v​i​e​w​​​​​.​​​​
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values of the standardized test statistics (ZMK and Zm−MK) signify increasing and decreasing trends, respectively. 
SS was employed to compute trend magnitude37,38. A positive SS signifies an increasing trend, while a negative 
SS denotes a decreasing trend in the time series data. The results in this study were statistically tested at a 
significance level of 5% (α = 5%), corresponding to Z-values of ± 1.96.

Innovative trend analysis (ITA)
The ITA was employed to identify the trends in temperature data15. Unlike traditional methods like the MK/
m-MK and SS, the ITA does not rely on normality, serial correlation, or record length assumptions. In the 
ITA method, the time series is equally partitioned into two parts, sorted in ascending order, and plotted on a 
Cartesian coordinate system, where the first and second halves are plotted along the X- and Y-axes, respectively. 
If the data points cluster along the 1:1 line, it suggests the absence of a trend. Points above this line indicate a 
positive trend, while points below suggest a negative trend. The positive or negative slope of the ITA (SITA), 
introduced by Şen39, indicates increasing or decreasing trends, respectively. Additionally, the ITA also delineates 
high, medium, and low-value classes within the time series data. This feature enhances the interpretability of 
trends by providing insights into variations across different levels of the variable.

Innovative polygon trend analysis (IPTA)
Even with the ITA method in place, there is still a gap in capturing periodical trends, especially those occurring 
on a monthly basis, which is crucial for understanding seasonal trend behaviors. To bridge this gap, the IPTA 
was recently introduced by Şen et al.21, built upon the foundation laid by the ITA approach of Şen15. IPTA 
identifies visual trends between successive months, including lengths and slopes. The timeframe used for this 
method can vary, including daily, monthly, or yearly options. We examined monthly maximum and minimum 
temperatures in the current work. The construction of the polygon involves plotting the averages of the first and 
second half of temperature data for each month on x- and y-axes, respectively. If the plotted points fall either 
above or below the 1:1 line, it indicates notable increasing or decreasing trends, respectively.

Results and discussion
Trends and their magnitudes
The trends and their magnitudes detected by MK/m-MK and ITA for maximum and minimum temperatures 
are presented in Tables 1 and 2, respectively. The graphical trend results obtained from ITA and IPTA are for 
maximum temperature is presented in Figs. 2 and 3  and its spatial variability mapped using MK/ m-MK and 
ITA methods are presented in Figs. 4 and 5. Similarly for minimum temperature the results of graphical trend 
analysis are presented in Figs. 6 and 7, while its spatial variability mapped using MK/ m-MK and ITA methods 
are presented in Figs. 8 and 9. The trends and magnitude of DTR, as analyzed using the ITA, were mapped in 
Fig. 10.

Maximum temperature
The MK/m-MK method was able to capture a lesser number of significant trends than the ITA and IPTA 
methods. The ITA detected significant trends in all the 168-time series tested, the IPTA detected significant 
trends in 86.3%, while the MK/m-MK was able to detect trends only in 49.4% of the time series tested.

EPH has significantly increasing trends in all months except May and June, which have significantly decreasing 
trends as per ITA results. Whereas IPTA shows a similar trend as ITA for each month except January, it shows 
no discernible trend. Conversely, the MK/m-MK was able to capture significantly increasing trends from July to 
November only. For MPG, the MK/m-MK captured a significantly decreasing trend during January and May and 
a significantly increasing trend from July to September. Conversely, ITA shows significantly decreasing trends 
during January, March, May, June, and December, while the rest of the month shows a significantly increasing 
trend. IPTA shows a decreasing trend during January, May, and December, while from July to November, it 
shows an increasing trend. In the case of TGP, under MK/m-MK, January shows a significantly decreasing trend, 
while August shows a significantly increasing trend. However, ITA indicates a significant decreasing trend for 
January, June, and December, while significantly increasing trends were detected in the rest of the months. 
Similarly, under IPTA, January, June, and December showed decreasing trends, while February to May and July 
to October show an increasing trend. UGP, with MK/m-MK, detected significant decreasing and increasing 
trends in January and August, respectively. In contrast, ITA identifies significant decreases in January, May, June, 
and December, with the remaining months showing a significant increasing trend. In January, UGP had the 
maximum declining trends of 2.508 and 2.647 °C/100 years, as depicted by MK/m-MK and ITA, respectively.

On the other hand, IPTA again shows a decreasing trend during January, May, June, and December, while 
July to October shows an increasing trend. For WDR, MK/m-MK reveal significant increasing trends only 
in April, May, and August, while ITA and IPTA show significant increases across all months. Similarly, CPH 
displays distinct trends across methods and months. Under MK/m-MK, significant increases are observed in 
April, August, and September, while under ITA, all months except January exhibit significant increasing trends, 
with January showing a significant decreasing trend. IPTA method mirrors the behavior of ITA apart from 
June and December when no trend was observed. ECP demonstrates consistent significant increasing trends 
across all months for all three methods, except for June, which shows no significant trend under MK/m-MK. 
Over GPH, using MK/m-MK, only March, April, June, and August, while under ITA and IPTA, all the months 
have significantly increasing trends, indicating a consistent upward trajectory. WCP and SPH exhibit notable 
similarity, with each method depicting a significant increasing trend regardless of the month except June under 
MK/m-MK, showing no significant trend.

MK/m-MK method over WPH depicts a significant increasing trend during April, May, August, and 
November. ITA and IPTA showed the same across the month except June and July under IPTA, showing no 
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discernible trend. WHR and LGP are the regions that demonstrate a predominantly declining trend, with all 
the methods showing a significant decreasing trend during specific months. For WHR, MK/m-MK highlights 
a significant decline in January, June, November, and December, while August shows a significantly increasing 
trend. Similarly, ITA indicates a significant increase in April and from July to September, while the rest of 
the month indicates a significantly decreasing trend. Moreover, under IPTA, January, May, and June show a 
decreasing trend, while July to September shows an increasing trend. LGP exhibits a significant decreasing 
trend for January, May, and December under the MK/m-MK method, while IPTA detects a decreasing trend for 
January, March to May. Similarly, ITA reveals a decreasing trend from January to May and December. However, 
a significant increase was observed from July to November under MK/m-MK and June to November using both 
ITA and IPTA methods, respectively. In the context of EHR, MK/m-MK reveals a significantly increasing trend 
from June to December. In contrast, ITA and IPTA indicated an increasing trend across all the months except 
April, which exhibits a significantly decreasing trend.

In summary, during January, MK/m-MK showed significant decreasing trends in five ACZs and significantly 
increasing trends in three ACZs of India, while the ITA and IPTA showed significant trends in all ACZs, among 
which eight were increasing and six were decreasing. August was identified as a month of significantly increasing 
trend under MK/m-MK, while under both ITA and IPTA methods, August and September were identified as 
the same. Out of the fourteen zones examined, four specific zones, namely ECP, GPH, WCP, and SPH, were 
identified as exhibiting only increasing trends. Conversely, the remaining ten zones display one or more months 
with significant decreasing trends.

Minimum temperature
The analysis reveals a disparity between maximum and minimum temperature time series regarding a significant 
decreasing trend across the zone and method. A lower frequency of significant decreasing trend is observed 
in the minimum temperature time series compared to the maximum. Moreover, the ITA method consistently 
detected significant trends across all the 168-time series tested, indicating its robustness in trend identification. 
At the same time, the MK/m-MK and IPTA could detect trends in 38.7% and 85.7% time series, respectively. 
Furthermore, EPH, MGP, and WHR zones were identified as the highest number in the months, with a significant 
declining trend. Conversely, WDR, GPH, WCP, and EHR zones were characterized by the absence of significant 
declines.

Under the MK/m-MK method, the May and June months had significantly declining trends over EPH, while 
the ITA method exhibits the maximum number of significantly declining months except March, September, 
November, and December, demonstrating significantly increasing trends. Similarly, using the IPTA method, 
January, April to June had a declining trend, while March, November, and December had an increasing trend. 
Over MGP solely, ITA and IPTA identify significant trends. As per ITA and IPTA, January and April to June 
exhibit a decreasing trend, while the remaining months had an increasing trend under ITA. Meanwhile, under 
IPTA, July, August, and October show no discernible trends. In the case of the TGP, the MK/m-MK method 
delineates a pattern of significant increasing trends, except from April to June, which displays no discernible 
trend.

In contrast, the ITA and IPTA method identifies a significantly increasing trend for all the months except 
June, where a significantly decreasing trend was observed. Similarly, using the MK/m-MK method, a significant 
increase in the trend was observed in UGP from August to December. In contrast, the ITA indicates a consistent, 
significant increasing trend across all months, except for June, where both methods depict a significantly 
decreasing trend. ITPA exhibits the same behavior as ITA, except for May, which shows no trend. WDR had 
the sharpest significant increasing trend of 2.925 °C/100 year during February. Across all the months, all three 
methods detected an increasing trend in WDR, except for June, where the MK/m-MK method detected no 
significant trend. ITA and ITPA methods for ECP and CPH zones depicted significantly decreasing trends for 
May and June, respectively, while the rest of the month had significantly increasing trends under every method 
except for June over ECP, which shows no trend. On the other hand, the MK/m-MK method shows a significantly 
increasing trend for certain months. In the case of GPH, all the methods detect significant increasing trends 
except for January and December under MK/m-MK, where no significant trend was observed. Within the WCP 
zone, the ITA method reveals a significant increase across all months. Like ITA, the IPTA shows the same except 
for February, which reveals no trend. In contrast, the MK/m-MK method identifies a significantly increasing 
trend only for June and October. Similarly, in the SPH zone, the ITA and IPTA method identifies February 
as a significantly decreasing trend month, while the rest of the month depicts a significantly increasing trend, 
except April under IPTA, which identifies no trend. The MK/m-MK method indicated a significantly increasing 
trend from July to September. For WPH, a significant negative trend was observed for January and April under 
ITA, while using the IPTA, only February and May to November months were observed to have an increasing 
temperature trend.

On the other hand, MK/m-MK captures a significant increase in trend only for September. WHR zone 
exhibits a significant decreasing trend for January and June under the MK/m-MK method, where June recorded 
the sharpest significant decline of − 2.126 °C/100 year, while ITA identifies a significant decreasing trend from 
January, March to June, October, and December with the remaining months showing significantly increasing 
trends. At the same time, IPTA identifies January, April, May, June, and October as decreasing trend months and 
November as an increasing trend month. Again, in LGP, January was recognized as a significantly decreasing 
month under ITA and IPTA methods, while the rest of the month shows vice-versa except for May, where no 
discernible trends were observed. However, the MK/m-MK method only detects a significantly increasing trend 
in March and November. Lastly, in the EHR zone, ITA and IPTA showed significantly increasing trends across 
all months, while MK/m-MK identified significantly increasing trends only from June to September and in 
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December. The comparison underscores the disparity in trend identification between the three methods and 
provides insights into the spatio-temporal dynamics between different ACZs of India.

Diurnal temperature range (DTR)
The trends in DTR of all ACZs were significant at a 5% significance level as analyzed by the ITA method. The 
EPH, ECP, WCP, and SPH have consistently increasing trends of DTR and the magnitude of this increase is 
higher in winter months (JF) than the rest of the year. The SITA of DTR ranged from 0.113 to 1.452, 0.332–1.346, 
0.595–1.917, and 0.509–1.955 °C/100 year in EPH, ECP, WCP and SPH, respectively. The WPH and EHR also 
had increasing DTR in most of the months. The TGP, UGP, LGP, WDR, and GPH had decreasing trends of 
DTR in most of the months, especially the post-monsoon (OND) and winter months (JF). The highest decrease 
of -4.067 °C/100 year was observed in January of the TGP, while the highest increase of 1.955 °C/100 year was 
observed in SPH in February (Fig. 10).

Comparison of trend analysis methods
Combining the maximum and minimum temperature time series, 336 temperature time series were examined 
using MK/m-MK, ITA and IPTA. The comparative analysis of trend test results is provided in Fig. 11. Using the 
traditional MK/m-M-MK test, trends were significant in 44.6% of temperature time series data tested, while the 
graphical IPTA showed that the trends were significant in 86% of time-series data. The ITA method successfully 
identified significant trends across all analyzed time-series data, suggesting its efficacy in detecting numerous 
trends that conventional methods like MK/m-MK and the IPTA test may overlook. Moreover, ITA demonstrated 
its capability to detect all significant trends detectable by MK/m-MK and the IPTA test. However, the monthly 
transitions, as depicted by the IPTA plots, provide considerable information on seasonal temperature variations 
across ACZs of India.

As there are no similar studies in India on the same spatio-temporal scale using the MK, ITA and IPTA 
methods, we compared our findings with similar research performed on different spatio-temporal scales and 
data but similar methodology in India and different parts of the world to compare our outcomes of different 
methods and the trends of temperature. Acar40 compared the traditional MK with ITA and IPTA for both 
temperature and rainfall station data of the Upper Euphrates Basin of Turkey and reported similar findings of 
getting more significant trends using the ITA and IPTA methods compared to the traditional MK test. Esit et 
al.25 also reported similar findings of getting hidden trends in the hydro-meteorological variables by utilizing 
the ITA and IPTA methodologies. They reported that ITA, IPTA and MK captured 86, 75 and 22% significant 
temperature trends in Ankara, Turkey. Şan et al.41 also reported the highest trend detection using the ITA (93%), 

Fig. 3.  Results of monthly trend analysis of maximum temperature using IPTA for the period 1951–2022.
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followed by IPTA (88%) and MK (26%) methods for monthly rainfall data of Vu Gia-Thu Bon River Basin 
of Vietnam. Our results on the sensitivity of the methods in detecting trends were also supported by other 
researchers also42–45.

Though the ITA detected a higher number of significant trends, the MK test results align closely with the 
ITA findings in terms of both trend direction and magnitude. It is also important to acknowledge the inherent 
uncertainties in these approaches. To address the potential impact of serial correlation on the MK test, we applied 
the modified MK test, which adjusts for autocorrelation and thus provides results that are more reliable46. The 
ITA offers greater sensitivity, and it may result in the over-detection of trends that are not statistically significant 
and at the same time, IPTA, despite its comprehensive nature, can present interpretation challenges when 
variables show conflicting trends. Hence, for practical decision-making, it is advisable to cross-validate the trends 

Fig. 4.  Spatial variations in trends of maximum temperature using Sen’ slope during 1951–2022. Created by 
ArcGIS Desktop v 9.1. https://www.​esri.com/en-​us/arcgis/pr​oducts/arcg​is-desktop/overview.
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detected by these methods, particularly focusing on those consistently identified across different methods. This 
reduces the potential for over-detection while still capturing critical changes, ensuring the decisions are based 
on the most reliable, statistically robust and consistent trend results.

The trends of maximum and minimum temperature obtained in our work is also supported by several 
findings. Nengzouzam et al.47 used only the MK test for gridded points for 1696–2005 over India, without 
averaging the data for any particular geographical boundary as it was done for ACZ of India. They reported that 
the maximum temperature showed notable declining trends across the entire Indo-Gangetic plains extending 
up to the Northeast parts of the country, whereas the Southern parts experienced rising temperatures. Every 
region except the Central part exhibited rising trends for minimum temperature, signifying warming. Apart 
from the trend direction, the SS values are on the lower side as compared to our work, which may be due to 

Fig. 5.  Spatial variations in trends of maximum temperature using slope of ITA during 1951–2022. Created by 
ArcGIS Desktop v 9.1. https://www.​esri.com/en-​us/arcgis/pr​oducts/arcg​is-desktop/overview.
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the higher rate of changes in temperature due to climate change in recent decades48. Rao et al.49 using MK test, 
showed increasing temperature trends in most parts of India for annual temperature, which aligns with most of 
the months we tested. The findings of Ross et al.50 also validate our findings of getting consistent heating in the 
southern, central and western ACZs and some cooling areas in the northern ACZs during winter, which may be 
attributed to the haziness caused by the aerosols that reduce the solar radiation leading to a cooling effect51. The 
literature on small-scale temperature studies in different parts of India also supports our findings. For example, 
Jain et al.52 found that the maximum and minimum temperature over northeast India is significantly increasing, 
which overlaps with the EHR ACZ of our work, particularly in the second half of the year using MK and SS. 
Singh et al.8 reported significantly increasing temperatures in Maharashtra, which is mostly the WHP part of 
our study, with a similar magnitude of trend using the MK test. Machiwal et al.53 observed notable upward 
trends in the WDR from 1979 to 2013 through MK and SS tests. Pingale et al.54 noted significant temperature 
rises across most areas of Rajasthan (WDR), examining minimum, maximum, and average temperatures with 
MK and SS tests. Radhakrishnan et al.55 also demonstrated rising temperature trends in India from 1985 to 
2014, employing MK, SS, and SLR tests. Additionally, Meshram et al.56 in their work on annual and seasonal 
temperatures of Chhattisgarh (part of EPH), reported rising temperature trends for the period 1901–2000 using 
MK and SS in their analysis. Jhajharia et al.57 also analyzed the trends of maximum and minimum temperatures 
in the Godavari Basin using the MK test. They observed increasing trends in maximum temperature during 
December and the post-monsoon season and rising minimum temperatures in July, September, and throughout 
the monsoon season. A notable observation pertains to the trend magnitude, where comparisons with SS values 
from previous studies suggest our findings trend slightly higher, underscoring the accelerated rate of temperature 
change witnessed in recent decades. In neighboring countries and regions, researchers have also reported similar 
findings with similar. For example, in Bangladesh, Khan et al.58 reported increasing trends in both maximum 
and minimum temperatures using the MK test for 1988–2017. In Iran, Ahmadi et al.12 reported increasing 
average annual temperature trends during autumn, spring and summer seasons of 1961–2010 using the MK test. 
For Pakistan, recently, Hussain et al.59 reported rising seasonal and annual Tmin, Tmax, Tmean, and DTR across 
most regions of the country for the period 1961–2017 using MK and SS tests.

In most parts of the country, consistent increase in minimum temperature, trends were observed. Researchers 
have well documented the increase in minimum night temperatures as a concern for most of the rabi crops, 
which require cool climates for growth and development. The increasing minimum temperatures coinciding 
with the flowering and grain filling stage of the crops affect the quality and reduces the yield of crops like wheat60, 
rice61, maize62 etc. The Western and Southern parts consistently show increasing maximum temperature trends 
in almost all months, indicating increasing exposure to high daytime temperatures, which will negatively impact 

Fig. 7.  Results of IPTA of minimum temperature for the period 1951–2022.
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the yield of agricultural crops like wheat63, rice63, maize63 and soybean63. The major part of the monsoon season 
of the whole country (July, August and September) has an increasing exposure to high daytime temperatures, 
which may negatively impact the growth and development of kharif crops grown in the whole country. The 
increasing daytime maximum temperatures affect the growing season, quality and yield of crops by affecting 
the pollen viability, photosynthesis, and transpiration rate62. The rising daytime temperatures cause brief heat 
spikes, affecting crop yields across different ACZs64. The increasing temperatures are also known to negatively 
impact fruits, vegetables and plantation crops grown in India65. Zhao et al.63 reported a 6%, 3.2%, 7.4% and 
3.1% decline in wheat, rice, maize and soybean yield with each degree rise in temperature. The regions with 
sustained warming (due to increasing minimum and maximum temperatures) may stress crops at various 
growth and developmental stages, potentially affecting the entire growing season66. The DTR trends showed 
that the northern and western parts of the country have declining trends from October to March, indicating the 

Fig. 8.  Spatial variations in trends of minimum temperature using Sen’ slope during 1951–2022.
 Created by ArcGIS Desktop v 9.1. https://www.​esri.com/en-​us/arcgis/pr​oducts/arcg​is-desktop/overview.
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narrowing range of temperature in the region, while the central and the southern parts have increasing trends 
of DTR, indicating more extremes in the region due to asymmetry of maximum and minimum temperature 
trends. To address these impacts of temperature variability on crops, the key adaptation strategy would be the 
development of tolerant varieties to high and low-temperature stresses, shifting the planting dates to avoid the 
critical crop growth stages coinciding with stressed conditions, efficient water management practices, protective 
cultivation of crops and crop insurance67. At the same time, a multifaceted approach that includes sustainable 
agricultural practices, agroforestry, climate-smart agriculture, and strong policy support is essential to mitigate 
the impacts68. However, the response of individual crops to these changes will vary significantly, necessitating 
crop and region-specific future studies assessing the impacts and suggesting ACZ and crop-specific adaptation 
and mitigation measures. Additionally, the effects of short-term and long-term persistence on the trends should 

Fig. 9.  Spatial variations in trends of minimum temperature using slope of ITA during 1951–2022. Created by 
ArcGIS Desktop v 9.1. https://www.​esri.com/en-​us/arcgis/pr​oducts/arcg​is-desktop/overview.
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be analyzed to get better insights69. The regional variability observed in the trends could be influenced by factors 
such as topography, land use, and regional climate patterns. Future studies could explore these factors in more 
detail to inform region-specific climate resilience strategies.

Conclusions
This study utilized innovative graphical methodologies alongside the traditional MK/m-MK method to 
analyze and compare the trends in monthly maximum and minimum temperatures from 1951 to 2022 (72 
years). By integrating polygonal and innovative techniques, a thorough examination of long-term climatic shifts 
within various ACZs of India was achieved, furnishing a comprehensive understanding of long-term climate 
changes. The MK/m-MMK and IPTA tests captured significant trends in 44.6% and 86% of the time series 

Fig. 10.  Spatial variations in trends of DTR using slope of ITA during 1951–2022.
 Created by ArcGIS Desktop v 9.1. https:​​​//w​ww.e​sri​.c​om​/en-us​/arcgis/​produc​​ts/arcg​is-desktop/overview.
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data, respectively. Interestingly, the ITA method identified significant trends in all tested time series, indicating 
its superior ability to capture trends compared to MK/m-MMK and IPTA tests. For practical applications, we 
recommend considering trends that are detected by all methods for effective and reliable decision-making to 
mitigate the risk of over-detection associated with ITA. India’s southern, western, and central regions exhibit 
consistently increasing trends in monthly maximum and minimum temperatures. The WDR, CPH, ECP, GPH, 
WCP, SPH, WPH, and EHR have mostly increasing trends in both maximum and minimum temperatures. 
The Gangetic plains (TGP, UGP, MGP and LGP) showed decreasing trends of maximum temperature in 
January, February, May and June. The DTR has increasing trends in the northern and western parts, while it has 
increasing trends in the central and southern parts of the country. Our findings underscore the significance of 
employing advanced analytical techniques, enabling a more nuanced understanding of long-term temperature 
trends, which is essential for formulating climate resilience strategies and adaptation measures in the face of 
ongoing climate change.

Data availability
Data supporting the findings of this study are available from the corresponding author on reasonable request.
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