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Abstract  29 

Changes in rainfall and temperatures are basic elements of a regional climate system, but they 30 

are not often spatially uniform over time. This is relevant in monsoon-dependent regions where 31 

atmospheric moisture and thermal conditions affect agriculture and water resources, as well as 32 

exposure to climatic extremes. In this study, the hydroclimatic variability has been assessed at 33 

the district level over a 45-year period (1981-2025) for observations from the India 34 

Meteorological Department (IMD) that are gridded on a daily basis. The analysis considers 35 

three 15-year periods: 1981–1995, 1996–2010, and 2011–2025, across all 30 districts. Standard 36 

deviation and the coefficient of variance were used to assess the patterns and variability of 37 

annual rainfall, annual maximum temperature (Tmax) and annual minimum temperature 38 

(Tmin). The trend direction was evaluated with the Mann–Kendall test, and the magnitude of 39 

the trend was estimated by Theil-Sen's slope. The annual rainfall (mean) is consistent in the 40 

west–east gradation, about 1200–1300 mm per year in the interior and almost 1700 mm per 41 

year at the north-eastern coastal district. The number of districts with positive annual rainfall 42 

trends decreased from seven in 1981-1995 to one in 2011-2025. Tmax depicts an intensifying 43 

warm core over north-central and western interior districts (Sundargarh, Jharsuguda and 44 

Sambalpur), with an overall spatial warm pattern persisting. The 1-month SPI shows a drying 45 

trend, particularly during 1996-2010, which was somewhat moderated during 2011-2025. 46 

Tmax shows an intensifying warm core over north-central and western interior districts, 47 

particularly Sundargarh, Jharsuguda, and Sambalpur. Hythergraph analysis indicates persistent 48 

hot–dry pre-monsoon conditions and increasing thermal stress in interior districts, together 49 

with shifts in monsoon rainfall concentration. These findings indicate significant hydroclimatic 50 

variability in the State of Odisha and the need for district-wise climate risk mapping and 51 

adaptation planning, especially in rain-fed agricultural areas. The study also offers a unified 52 

approach to investigating changing rainfall–temperature regimes in monsoon-dependent 53 

regions. 54 

 55 
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1. Introduction 64 

Climate change has moved beyond a theoretical concern and has become an increasingly 65 

evident contemporary reality, underscoring the need to understand its implications for regional 66 

environmental conditions. Eventually, it becomes one of the most significant scientific and 67 

policy issues, as it directly affects hydrology, agricultural productivity, ecosystem function, 68 

public health, and disaster risk (IPCC, 2023; Trenberth, 2011). The concentration of 69 

tropospheric greenhouse gases (GHGs) alters temperature and precipitation records at the 70 

global, regional, and local scales (Alexander et al., 2006; Seneviratne & Zurich, 2012). 71 

Changes in frequency, intensity, and the geographic distribution of such extremes (i.e., dry 72 

spells) are among the most essential. Measurement of such changes/alternations provides 73 

crucial information for policy-making in change-induced adaptation, and thus becomes 74 

essential for measures across geographies (IPCC, 2023) . 75 

India is also experiencing recent shifts in climate trends and extremes, and is moving towards 76 

a more climate-sensitive state (Guhathakurta & Rajeevan, 2008; Parthasarathy et al., 1994). 77 

Previous studies over India have shown that relatively stable or weakly changing seasonal 78 

rainfall totals can coexist with substantial changes in the frequency, intensity and spatial 79 

variability of extreme rainfall events (Roxy et al., 2017; Ghosh et al., 2016). The case of Odisha 80 

is no different and is very relevant, as its climate is strongly controlled by the south-west 81 

monsoon and characterised by substantial spatial and seasonal variability in precipitation and 82 

temperature. Erratic precipitation behaviour, dry spells, drought, and heat waves cumulatively 83 

pose a threat to people and their livelihoods. The recurrent floods, droughts, heat waves, and 84 

other hydroclimatic extremes are becoming frequent in Odisha, making it essential to study 85 

both long-term gradual changes and short-duration extremes. The implications of such studies 86 

are manyfold – changes in temperature and precipitation have direct impacts on rainfed 87 

agriculture, ecosystem functioning, and socio-economic conditions. For example, Panda & 88 

Sahu (2019) identified the sensitivity of agriculture to climate fluctuations in the Kalahandi – 89 

Bolangir–Koraput region. At the state scale, long-term analyses have also identified substantial 90 

spatial heterogeneity in rainfall behaviour, including changes in dry-day frequency and heavy-91 

to-extreme rainfall characteristics (Mohapatra et al., 2021; Swain et al., 2019). Similarly, 92 

Mishra (2017) examined Odisha, which is particularly vulnerable to multiple climate-related 93 

hazards – cyclones, floods, droughts and heat waves. Thus, robust spatio-temporal 94 

characterisation of climatic behaviour is essential for understanding the hydro-climatic 95 



environment of Odisha and supporting agricultural planning, water resources management, 96 

disaster risk reduction, and adaptation.  97 

Previous literature has substantially explored precipitation and temperature variability over 98 

Odisha; however, considerable variation persists in their spatial coverage, time period, and the 99 

elements of climate in focus (Nayak et al., 2013; Pai et al., 2013). At the grid scale, substantial 100 

spatio-temporal heterogeneity, including increasing and decreasing rainfall trends, was found 101 

by Prabhakar et al. (2019) using the Mann-Kendall, Modified Mann-Kendall, and Theil-Sen 102 

slope tests. Nageswararao et al.(2019) reported increasing frequencies of high-intensity rainfall 103 

events in several districts (i.e., Bolangir, Kalahandi, Nuapada, Koraput), though notable 104 

decreases in monsoonal rainfall (JJAS). Contrastingly, Panda & Sah (2019) reported significant 105 

increasing trends in monsoonal precipitation and in maximum and minimum temperatures, and 106 

notable precipitation variability in the Kalahandi, Bolangir, and Koraput regions during 1980 107 

– 2017. District-level analyses from western and southern Odisha similarly indicate that rainfall 108 

and temperature trends can differ substantially among neighbouring regions (Panda & Sahu, 109 

2019). Evidence from the eastern coastal region also indicates significant warming in both 110 

maximum and minimum temperature, while changes in rainfall totals are comparatively less 111 

coherent  (Vijayakumar et al., 2021). Singh & Rath (2024) also identified persistent, prevailing 112 

mild drought and variability in the intensity and frequency of precipitation over the last 34 113 

years in Sundargarh district. A recent study by Kumari et al. (2026) found an increasing trend 114 

in monsoonal precipitation (Sen’s slope of +17.48 mm per decade) and a decreasing trend in 115 

pre-monsoon precipitation (up to -2.64 mm per decade) in the Tal basin, Odisha. Contrastingly, 116 

heavy rainfall days increased before 2000 and decreased after 2010, with an overall decline in 117 

the CWD and significant increases in the CDD and drought severity in the Tel Basin, Odisha 118 

(Kumari et al., 2026). More recent evidence further suggests that changes in Odisha rainfall 119 

may be expressed more strongly through event frequency, intensity and spell structure than 120 

through a uniform change in seasonal or annual totals (Kumari et al., 2026; Malayalam et al., 121 

2026) 122 

The literature therefore shows substantial spatio-temporal variability in Odisha, but remains 123 

fragmented across climatic variables, study areas, and observation periods. Few studies have 124 

jointly examined rainfall, Tmax, Tmin, drought/wetness conditions, and multiple extreme 125 

indicators at a common state-wide district scale through the recent period. An integrated 126 

assessment is therefore needed to examine the shifting hydroclimatic regime and the combined 127 

temperature–precipitation behaviour of Odisha. 128 



Hence, the present study focuses on an integrated assessment of spatiotemporal evolution of 129 

rainfall and temperature over Odisha during 1981–2025. Specifically,  the objectives of the 130 

present study are to; (i) characterise the spatial and temporal distribution of precipitation, 131 

maximum  (Tmax) and minimum temperature (Tmin); (ii) quantify their spatial and interannual 132 

variability, monotonic trends and trend magnitude; (iii) assess selected hydro-climatic and 133 

temperature extremes, such as consecutive wet days (CWD), consecutive dry days (CDD), 134 

heavy-rainfall events, Standardised Precipitation Index (SPI), warm nights and heat-wave days; 135 

(iv) integrate precipitation–temperature behaviour to examine the hydrothermal regime of 136 

Odisha.   137 

2. Study Area  138 

 139 

Fig.1. Location and physiographic setting of Odisha on the eastern coast of India (17°49′N–22°34′N, 140 

80°29′E–87°29′E), showing the 30 administrative districts. 141 

 142 

The state of Odisha, located along the eastern coast of peninsular India, extends between 143 

17°49’N and 22°34’N latitude and 80°29’E and 87°29’E longitude, covering a total 144 

geographical area of 155,707 sq. km across 30 administrative districts. The state exhibits a 145 



diverse physical landscape, transitioning from narrow coastal plains and deltaic lowlands in the 146 

east to undulating river valleys and densely forested plateaus toward the west, with the Eastern 147 

Ghats functioning as the dominant physiographic element and the primary driver of the west-148 

to-east rainfall gradient. The mean annual precipitation follows a latitudinal and topographical 149 

gradient- 1,247 mm in the moisture-deficient western interior to 1,674 mm in the windward 150 

eastern and north-eastern coastal regions (Prabhakar et al., 2019; Sahu et al., 2025). About 78% 151 

of total rainfall occurs during the monsoon period, while the remaining months are relatively 152 

dry. Summer temperatures range from 30 – 45 °C, winter temperatures from 10 – 22 °C, and 153 

summer heat waves are very common.  154 

3. Data and Methodology 155 

3.1 Database 156 

In the present study, long-term daily gridded meteorological data (25km) have been collected 157 

from the Indian Meteorological Department (IMD) for the period 1981 to 2025 (Pai et al., 2014 158 

and Srivastava et al., 2009). In the dataset, three variables have been considered: daily 159 

precipitation in millimetres (mm), maximum temperature in degrees Celsius (Tmax), and 160 

minimum temperature in degrees Celsius (Tmin). Gridded climate data were selected instead of 161 

station observations because of their consistent spatial coverage and temporal continuity over 162 

the study period. The use of gridded data minimizes gaps and inconsistencies associated with 163 

changes in station location, observation practices, and data availability, thereby providing a 164 

more homogeneous long-term dataset suitable for state-wide and district-level spatio-temporal 165 

analysis (Srivastava et al., 2009; Pai et al., 2014). 166 

3.2 Methodology  167 

3.2 15-Year Period Stratification 168 

The entire 45-year period has been stratified into three equal 15-year periods: Period 1 (P1): 169 

1981–1995; Period 2 (P2): 1996–2010; and Period 3 (P3): 2011–2025. These equal-length 170 

periods facilitate comparison of climatological characteristics while reducing sensitivity to 171 

individual short-lived climate anomalies. 172 

3.3 Spatial Analysis 173 

District-level thematic maps of precipitation, Tmax, and Tmin were generated for all 30 districts of 174 

Odisha for the entire study period (1981-2025) and for each 15-year period sub-period using 175 

ArcGIS and R software. Spatial mapping enables the recognition of geographic patterns and 176 



their changes over time, which cannot be captured using district-level average values. This is 177 

in line with methods used in the study of extreme events in India . 178 

3.4 Descriptive Statistics 179 

For each district and period, the arithmetic mean (x̄), standard deviation (SD) and coefficient 180 

of variation (CV) of annual precipitation, Tmax  and Tmin  were computed as follows: 181 ��  = (ߪ) ܦܵ ᵢ₌₁ⁿ ��ᵢ                    Eq. 1 182ߑ (݊/1)   =  √[(1/(݊ − − ᵢ₌₁ⁿ (��ᵢߑ ((1  �� )²]                Eq. 2 183 ܸܥ (%)  = ( �� / ߪ)   ×  100                  Eq. 3 184 

where xᵢ denotes the annual value of the variable in year i and n is the number of years in the 185 

period under consideration. The coefficient of variation (CV) provides a unit-free measure of 186 

relative dispersion that allows comparisons between different districts and variables, 187 

irrespective of the magnitudes of precipitation, Tmax, and Tmin. 188 

3.5 ETCCDI Extreme Climate Indices 189 

Extreme events were quantified using indices defined by the Expert Team on Climate Change 190 

Detection and Indices (ETCCDI), formulated under the joint auspices of WMO, WCRP, and 191 

the Commission for Climatology (Klein et al.,2003).Three precipitation-based and 192 

temperature-based indices were computed. Consecutive dry days (CDD) refers to the 193 

maximum number of consecutive days in a year when precipitation is less than 1 mm, serving 194 

as an index of drought duration. Consecutive wet days (CWD) refers to the maximum number 195 

of consecutive days per year with precipitation equal to or exceeding 1 mm, providing a 196 

measure of sustained wet spell duration. Heavy Rainfall Days (HRD) measure the number of 197 

days in the year when rainfall falls in the range of 64.5 to 115.5 mm, as defined by the Indian 198 

Meteorological Department (IMD, 1971) (Kumar et al., 2020) . HRD indicates the intensity of 199 

rainfall delivery, with an increase in HRD despite stable or decreasing annual rainfall (Rajeevan 200 

et al., 2008). 201 

Heat Wave Days (HWD) were identified following the IMD operational criteria, whereby a 202 

heat wave is declared when the maximum temperature at a station departs by 4.5°C–6.4°C or 203 

more above the long-period normal, or when Tmax exceeds 40°C in absolute terms, persisting 204 

for at least two consecutive days (Pai et al., 2013; Pattanaik et al., 2017; India Meteorological 205 

Department [IMD], 2026). Annual HWD counts were subsequently aggregated and analysed 206 



for pre-monsoon and monsoon sub-seasonal totals. Warm Night Days (WND) were identified 207 

when the minimum temperature departure exceeded the long-period station normal by 4.5°C–208 

6.4°C or above (Alexander et al., 2006; FAQ on Heat Wave, n.d.). The frequency of warm 209 

nights serves as an indicator of asymmetric warming, reflecting the well-documented global 210 

pattern in which Tmin rises faster than Tmax 211 

3.6 Standardised Precipitation Index (SPI-1) 212 

The one-month Standardised Precipitation Index (SPI-1) was computed for each district across 213 

the full 1981–2025 record following McKee et al. (1993), in which monthly precipitation totals 214 

are fitted to a gamma probability distribution and transformed to the standard normal variate: 215 ܩ(��)  = ∫ [((ߙ)߁ ߙ^ߚ) / 1]  ₀ˣ ߙ)^ݐ −  Eq. 4 216             ݐ݀ (ߚ/ݐ−)^݁ (1

where α and β stand for the shape and scale parameters of the gamma distribution obtained 217 

from the precipitation data, respectively, and Γ(α) is the gamma function. Then the cumulative 218 

probability G(x) was converted to the standard normal variable (SPI) by using the 219 

approximation developed by Abramowitz & Stegun 1964). The SPI-1 index was preferred over 220 

longer accumulation periods because it focuses on short-term moisture anomalies affecting 221 

monsoon-based agricultural activities. Still, it is a precipitation component of the moisture 222 

stress and does not account for potential evapotranspiration. 223 

3.7 Mann–Kendall Trend Test and Sen’s Slope Estimation 224 

Period-specific monotonic trends in annual rainfall, Tmax and Tmin were evaluated using the 225 

non-parametric Mann–Kendall (MK) test (Kendall, 1948; Mann, 1945), which tests the null 226 

hypothesis (H₀) of no monotonic trend against the alternative (H₁) that a trend is present, 227 

without requiring the series to be normally distributed (Hamed & Rao, 1998). The test statistic 228 

S is derived as: 229 ܵ = − ⱼ��)݊݃ݏ ⱼ₌ᵢ₊₁ⁿߑ ᵢ₌₁ⁿ⁻¹ߑ   ��ᵢ)                 Eq. 5 230 

where ݊݃ݏ(��ⱼ −  ��ᵢ) takes the values +1, 0 or −1 according to whether the difference is 231 

positive, zero or negative. For n ≥ 8, the variance of S was determined while considering tied 232 

values: 233 ܸܽݎ(ܵ)  =  [݊(݊ − 1)(2݊ + 5)  − ₖݐ)ₖݐ ₖߑ  − ₖݐ2)(1 + 5)] / 18              Eq. 6 234 

where tₖ represents the number of tied values in the kᵗʰ group of ties. The standardised test 235 

statistic Z is then given by: 236 



ܼ =  (ܵ − ,(ܵ)ݎܸܽ√ / (1  ݂݅ ܵ >  0                 Eq.7 237 ܼ =  0, ݂݅ ܵ =  0                   Eq.8 238 ܼ =  (ܵ + ,(ܵ)ݎܸܽ√ / (1  ݂݅ ܵ <  0                 Eq. 9 239 

At significance of 5 % level, a trend was considered statistically significant where |ܼ|  ≥  1.96 240 

(two-tailed, p < 0.05). Kendall’s tau (τ), signifying the strength of association independent of 241 

magnitude, was computed as 242 

 ߬ =  ܵ / [݊(݊ − 1)/2]                Eq. 10 243 

The magnitude and direction of any monotonic trend were quantified using Sen’s slope 244 

estimator (Sen, 1968; Hirsch et al., 1982), computed as the median of all pairwise slopes: 245 ܳₖ =  (��ⱼ −  ��ᵢ) / (݆ −  ݅), > ݅ ݈݈ܽ ݎ݋݂  ݆              Eq. 11 246 

Sen’s slope β = median(Qₖ). A positive β indicates an increasing trend and a negative β indicates 247 

a decreasing trend, expressed in the variable’s native units per year (e.g., mm year⁻¹ for rainfall, 248 

°C year⁻¹ for temperature). Trends were considered statistically significant only when the 249 

Mann–Kendall test rejected H₀ at p < 0.05; all other districts were characterised descriptively. 250 

3.8 Compound hydro-climatic behaviour - Hythergraph  251 

Hythergraph (or hygrothermal diagram) is a bivariate plot method which describes the relation 252 

between temperature and precipitation of a site for a year using an annual cycle of twelve 253 

consecutive points of mean monthly coordinates (T̄ₘ, R̄ₘ), where m=1,…,12, beginning from 254 

January to December (Mishra, 2017; Thornthwaite, 1948) For each chosen district, three loops 255 

for P1, P2 and P3 were created to understand and visualise the changes of the moisture–256 

temperature regime through time.  257 

4. Results. 258 

4.1 Spatial and Temporal Pattern of Annual Rainfall, Tmax and Tmin  259 

Mean annual rainfall variation across the thirty districts of Odisha shows a geographically 260 

consistent pattern over the study period (Fig.2.a-c). In all three 15-year period phases, the lowest 261 

rainfall class, between 1,200 and 1,300 mm, appears to be confined to a group of districts in 262 

the western and north-western interior region. In contrast, the highest rainfall class, close to 263 

1,700 mm, consistently occurs in a district on the north-eastern coastal margin. Such 264 

geographic variation aligns with the orographic effects of the Eastern Ghats and the moderating 265 



influence of the Bay of Bengal, and its persistent presence for 45 years indicates that the west-266 

east rainfall gradient is an enduring element of Odisha’s climatic regime rather than a transient 267 

or phase-specific phenomenon. 268 

 269 

Fig.2. District-wise mean annual rainfall (mm) across Odisha for (a) P1 (1981–1995), (b) P2 (1996–270 

2010), and (c) P3 (2011–2025. 271 

While such structural stability exists, there is also a shift among the intermediate rainfall classes 272 

across phases. In P2 (1996-2010), more northern districts belong to the lower rainfall classes 273 

than in P1 (1981-1995), whereas in P3 (2011-2025) the mid-range rainfall classes become 274 

dominant in northern and central regions.  275 

The Tmax shows a spatially concentrated warm core located over the north-central and western 276 

interior districts for all three periods (Fig.3.a-c). This warm core region corresponds to the 277 

Sundargarh-Jharsuguda-Sambalpur regional belt and its vicinity, where high interior 278 

continentality, coupled with a lesser influence of the maritime effect, leads to high pre-monsoon 279 

and summer temperatures. There is a notable enhancement in the extent and intensity of the 280 

warm core from P1 to P3: the region occupied by the highest Tmax category is much larger in 281 

2011-2025 than in 1981-1995, implying an increased spatial intensity of the thermal 282 

environment over the 45-year study period. 283 



284 

Fig. 3. District-wise mean maximum temperature (Tmax, °C) for (a) P1, (b) P2, and (c) P3; and mean 285 

minimum temperature (Tmin,°C) for (d) P1, (e) P2, and (f) P3. 286 

The spatial pattern of Tmin is very different from that of Tmax and is relatively stable (Fig. 3.d- 287 

f). Low Tmin values are always present in the same north-western interior cluster as those of 288 

Tmax. In contrast, high Tmin values are found in coastal and northeast districts such as 289 

Mayurbhanj, Balasore & Bhadrak due to the thermal effect of the Bay of Bengal. Unlike Tmax, 290 

there is relatively weak variation in the extent or intensity of the Tmin spatial distribution from 291 

P1 to P3, implying a relatively homogeneous spatial behaviour of the Tmin trend over time. 292 

4.2 Spatio-temporal Variability of Precipitation, Tmax and Tmin  293 

Fig. 4 represents the standard deviation (SD) and coefficient of variation (CV) of the rainfall 294 

distribution. In the period P1, the high rainfall CVs (close to 300–350%) are located in a cluster 295 

of districts in the west-central belt, while the low rainfall CVs (less than 250%) are found in 296 

the far north-eastern region of Odisha. In period P2, it changes, with the high rainfall CV cluster 297 

moving southwards and eastwards and expanding into the adjoining districts, and again in 298 

period P3, when the district with the highest CV moves to the south-western interior. Therefore, 299 

rainfall unpredictability, rather than its volume, operates as a mobile property of the region’s 300 

climatic system rather than a stationary property of the driest districts. 301 



 302 

Fig. 4. District-wise standard deviation (mm; a–c) and coefficient of variation (%; d–f) of annual rainfall for P1, 303 

P2 and P3, respectively 304 

The variability of Tmax and Tmin follows a substantially more stable spatial distribution than 305 

that of rainfall (Fig. 5 & 6). In every period considered, the highest SD and CV of Tmax (SD of 306 

approximately 4.5–5.0°C; CV of approximately 13–15%) and Tmin  (SD of approximately 5.0–307 

5.5°C; CV of approximately 25–29%) are recorded in a cluster of northern and north-western 308 

interior districts, while the low values – in the districts of the south and south-western parts of 309 

the region. The consistency of this pattern across all periods indicates the structural nature of 310 

this temperature-variability hotspot in the western interior. 311 

 312 



Fig.5.District-wise standard deviation (°C; a–c) and coefficient of variation (%; d–f) of maximum 313 

temperature (Tmax) for P1, P2 and P3, respectively. 314 

 315 

 316 

Fig.6.District-wise standard deviation (°C; a–c) and coefficient of variation (%; d–f) of minimum 317 

temperature (Tmin) for P1, P2 and P3, respectively. 318 

 319 

The persistent warming signal identified here is broadly consistent with evidence of increasing 320 

temperature extremes across India, including pronounced changes during the pre-monsoon 321 

season (Kothawale et al., 2010; Panda et al., 2014; Wagholikar et al., 2014) 322 

4.3. Extreme Events in Odisha  323 

4.3.1 Consecutive Dry Days, Consecutive Wet Days, and Heavy Rainfall Days 324 

Fig. 7 highlights spatiotemporal variations in CDD, CWD, and HRD across the three periods. 325 

Western and interior Odisha record the highest CDD values (250–270 days), with the 260–270-326 

day category occurring across more districts in P3 than in P1. 327 

CWD shows the opposite spatial pattern: eastern and coastal Odisha experience the longest wet 328 

spells (30–35 days), whereas western Odisha records shorter spells (10–20 days). The reduction 329 

in maximum CWD in western Odisha from P1 to P3 indicates a shift toward more intermittent 330 

rainfall separated by longer dry spells. 331 



HRD remains low across most districts (generally 1–3 days year⁻¹), with intermittent increases 332 

in P2 in some coastal and north-eastern districts and higher values in P3 in several western 333 

districts, including Kalahandi, Bolangir, and Baragarh. 334 

 335 

Fig.7 15-year-period spatial distribution of precipitation extreme indices across Odisha districts for three periods 336 

— P1 (1981–1995), P2 (1996–2010), and P3 (2011–2025) — showing (a) mean Consecutive Dry Days (CDD, 337 

days), (b) mean Consecutive Wet Days (CWD, days), and (c) mean Heavy Rainfall Days (HRD, days per year). 338 

Darker shading in panel (a) indicates longer dry spells.  339 

 340 

4.3.2. Spatio-temporal distribution of Standardised Precipitation Index (SPI-1)  341 

The spatial distribution of one-month SPI-1 reveals a period-based, rather than homogeneous, 342 

pattern across Odisha’s 30 districts (Fig. 8a–c). During Period 1 (1981–1995), most districts 343 

exhibit a slightly positive mean SPI-1, with a maximum positive anomaly occurring in a west-344 

central district in the Bolangir–Subarnapur region, while negative SPI-1 values are confined to 345 

a few districts in the Ganjam–Gajapati region. The spatial pattern is largely reversed during 346 

Period 2 (1996–2010), where a majority of districts show a negative mean SPI-1, which is 347 



highly pronounced in a northern group of districts in Sundargarh and Jharsuguda, and also in a 348 

few districts in the Boudh–Kandhamal region, while the coastal districts of Kendrapara and 349 

Bhadrak continue to have a near-neutral value. However, during Period 3 (2011–2025), there 350 

is a partial return toward positive anomalies in western and central districts, dominated by 351 

Malkangiri in the south-west, with a solitary district in the north-east, the Balasore–Bhadrak 352 

region, exhibiting a highly negative SPI-1 value. This implies that the spatial distribution of 353 

the moisture deficit changes over time, from the southern parts during Period 1 to the northern 354 

interior during Period 2, and finally to the north-eastern coastal areas during Period 3.  355 

 356 

Fig. 8. District-wise mean one-month Standardised Precipitation Index (SPI-1) for (a) P1 (1981–1995), (b) P2 357 

(1996–2010), and (c) P3 (2011–2025).  358 

4.3.3 Extreme Temperature Indices: Warm Nights & Heat Wave Days  359 

The spatial distribution of warm night days (Fig. 9) shows the shifting of Warm Night Day intensity 360 

across Odisha over different periods, despite the phenomenon’s increasing magnitude. The maximum 361 

Warm Night Day intensity (12-13 days/year) in P1 (1981-1995) is found in two areas: the north-362 

central (Sundargarh, Jharsuguda, Sambalpur, Deogarh) and south-west districts (Koraput, 363 

Malkangiri, Nabarangpur, Rayagada), while the east coast region is characterised by the lowest 364 

intensity (8-9 days/year). For P2 (1996-2010), the intensity ranges from 8-16 days/year, and 365 

the highest intensity is in the northeast region (Mayurbhanj, Kendujhar, Balasore, Bhadrak), 366 

while the previous hotspots in the west and south-west regions are now mid-range intensity 367 

locations. In P3 (2011-2025), the intensity range narrows to 7-15 days/year, and the maximum 368 

intensity is highly concentrated in Mayurbhanj, while the west-southern & central districts, 369 

including Kandhamal-Boudh, experience the lowest intensity. 370 



Heat Wave Days (Fig.10) depict relatively more consistent spatial distribution across all the 371 

three periods as well, with the same northwest cluster — consisting of Bargarh, Jharsuguda, 372 

Sambalpur, Sundargarh, Deogarh, Sonepur, Bolangir, Nuapada and Kalahandi – recording the 373 

maximum number of HWDs, while the central cluster – consisting of Angul, Dhenkanal and 374 

Boudh – depicts an intermediate value while the coastal district cluster including Ganjam, 375 

Gajapati, Rayagada, Koraput and coastal regions consistently depicts the minimum value. 376 

While Warm Nights depict a peak magnitude at the P2 period only, HWDs depict peak 377 

magnitude during the P2 period as well and then decline slightly in the P3 period. 378 

 379 

Fig.9. 15-year-period spatial distribution of mean annual Warm Night Days across Odisha districts for P1 (1981–380 

1995), P2 (1996–2010), and P3 (2011–2025).  381 

 382 

Fig.10 Spatial distribution of Annual Heat Wave Days (HWD) extreme indices across Odisha districts for P1 383 

(1981–1995), P2 (1996–2010), and P3 (2011–2025),  384 

4.4 Period-Specific Trends: Mann–Kendall Test and Sen’s Slope Estimator 385 

The analysis of the Mann-Kendall (MK) test and Sen’s slope test on rainfall, shown in Fig. 11, 386 

shows a consistent pattern of a reduction in the spatial coverage of trends with statistical 387 

significance across the three periods (Fig. 11 (a-c)). 388 



 389 

Fig.11.District-wise rainfall trends were estimated using Sen’s slope (mm year⁻¹). Positive values indicate increasing annual 390 

rainfall, whereas negative values indicate decreasing annual rainfall. The colour gradient represents the magnitude and 391 

direction of the trend, with brown shades indicating negative trends and green shades indicating positive trends. Asterisks (*) 392 

denote districts exhibiting statistically significant Mann–Kendall trends at p < 0.05.        393 

 394 

During Period 1 (1981-1995), seven districts show a statistically significant positive trend 395 

(p<0.05), including Balasore (Baleshwar), Jagatsinghpur, Kendrapara, Khordha, Nabarangpur, 396 

Nayagarh, and Puri. Among them, Sen’s slope values in these districts range from 18.99 mm 397 

year⁻¹ (Kendrapara) to 52.37 mm year⁻¹ (Puri). In contrast, Kendall’s τ varies from 0.39 to 0.50, 398 

which demonstrates a moderate to strong positive monotonic relationship in all cases. Puri 399 

shows the maximum Sen’s slope value (52.37 mm year⁻¹) and one of the maximum values of 400 

τ (0.4667) among all districts in all periods, whereas Nayagarh has the maximum τ (0.5048) 401 

with the Sen’s slope value of 36.46 mm year⁻¹. The remaining 23 districts in Period 1 show a 402 

non-significant trend (p≥0.05), as their S-statistics and Z-values are less than the critical value 403 

of ±1.96. 404 

During Period 2 (1996-2010), only two districts show a statistically significant positive trend 405 

(p≤0.05), including Malkangiri (Sen’s slope = 53.91 mm year⁻¹, τ = 0.4857, p=0.0133) and 406 

Nuaparha (Sen’s slope = 43.99 mm year⁻¹, τ = 0.4286, p=0.0294). Malkangiri has the highest 407 

Sen’s slope value in the entire dataset. Several districts show almost statistically significant 408 

positive trends during Period 2 (0.05>p≥0.01) such as Nabarangapur (p=0.0748, Sen’s slope = 409 

40.27 mm year⁻¹) and Rayagarha (p=0.0748, Sen’s slope = 29.94 mm year⁻¹). This indicates 410 

the weakening of an underlying positive signal rather than its complete disappearance. The 411 

remaining 28 districts are not significant in this period. 412 

By Period 3 (2011–2025), only a single district, Koraput, retains a statistically significant 413 

positive trend (Sen’s slope = 25.27 mm year⁻¹, τ = 0.4476, p = 0.0228), while the remaining 414 



twenty-nine districts exhibit a non-significant trend, with several districts, including 415 

Sambalpur, Jharsuguda, Subarnapur, Baragarh and Sundargarh, showing a negative, though 416 

statistically non-significant, Sen’s slope during this period. 417 

Across all three periods, the relationship between Kendall’s τ and Sen’s slope (Fig. 12) confirms 418 

the expected monotonic association between the two statistics: significant districts consistently 419 

occupy the upper portion of the Sen’s slope distribution, generally at or above 19 mm year⁻¹, 420 

showing that statistical significance is concentrated among observations with stronger positive 421 

trend magnitudes. A notable feature of the dataset is the complete absence of a statistically 422 

significant negative trend in annual rainfall in any district in any of the three periods; all 423 

districts classified as “decreasing” in trend direction fail to reach statistical significance (p 424 

ranging from 0.3223 to 1.000), and the corresponding Z-statistics remain within the non-425 

rejection region of the test. This indicates that while the number of districts exhibiting a 426 

statistically confirmed wetting trend has declined markedly, from seven districts in 1981–1995 427 

to a single district in 2011–2025, this contraction has not been accompanied by the emergence 428 

of a statistically confirmed drying trend anywhere in the state; rather, the majority of districts 429 

in the most recent period show a Sen’s slope close to zero with wide statistical uncertainty. 430 

 431 

Fig.12.District-wise rainfall trends across Odisha for the three 15-year periods: P1 (1981–1995), P2 (1996–2010), and P3 432 

(2011–2025). Each point represents a district–period observation. The x-axis shows Sen’s slope (mm year⁻¹) and the y-axis 433 

shows Kendall’s tau (τ). Colours represent the three periods; circles indicate non-significant trends (p ≥ 0.05) and triangles 434 

significant trends (p < 0.05). Dashed lines indicate zero Sen’s slope and Kendall’s tau. 435 



The geographic distribution of significant trends also shifts across periods. In Period 1, 436 

significant districts are concentrated along the eastern coastal belt (Balasore, Kendrapara, 437 

Jagatsinghpur, Puri, Khordha), together with two districts in the southern and south-western 438 

interior (Nabarangpur, Nayagarh), suggesting that the early positive rainfall signal was 439 

strongest in the coastal and southern sectors of the state. In Period 2, the locus of significance 440 

shifts to the far south (Malkangiri) and the western interior (Nuaparha), spatially overlapping 441 

with the districts identified in Section 4.4.2 as exhibiting the least negative SPI-1 departure 442 

during this generally drier period. In Period 3, the sole significant district, Koraput, lies in the 443 

southern interior, adjoining Malkangiri and Nabarangapur, suggesting the possible persistence 444 

of a locally positive rainfall regime in this southern corridor, even as significance elsewhere in 445 

the state has disappeared. 446 

4.5 Integrated Climatic Behaviour based on Hythergraph 447 

The hythergraph analysis was performed for all the 30 districts of Odisha to identify any 448 

variation in the hydrothermal regime of the area for all three periods (Fig. S1). The five districts 449 

that show pronounced change in temperature and precipitation relationship were selected for 450 

detailed presentation,  include five districts named Boudh, Jharsuguda, Sundargarh, Koraput, 451 

and Malkangiri.  There are noticeable variations in the coupling and seasonal distribution of 452 

the hydrothermal regime during the period 1981–2025. In all districts, the climate is hot-dry 453 

(March-May), warm-wet (June–September), and cooler and increasingly dry (October-454 

December). The most prominent feature is the significant variation in temperature and 455 

precipitation during the pre-monsoon season (April-May), when temperatures are at their 456 

annual peak and rainfall is comparatively low. This combination suggests a higher risk of 457 

moisture stress in the atmosphere and higher evaporation demand during the warmest period 458 

of the year. 459 

The three periods highlight that the fundamental seasonal pattern has not changed, but the 460 

amount and inter-seasonal distribution of rainfall have changed in relation to the thermal 461 

regime. The magnitude of the July-August rainfall peak shows significant differences between 462 

the periods in Boudh, Jharsuguda, and Sundargarh. The inter-month variability in rainfall 463 

distribution in July, August, and September is significant in Koraput and Malkangiri as well. 464 

Therefore, the recent climate variability does not appear to be a consistent tendency in the 465 

precipitation signature toward either wetter or drier conditions, but rather a shift in the 466 

precipitation signature within the monsoon season. This is similar to the recent trend indicating 467 



an increase in rainfall variability across Odisha and differences in rainfall frequency and 468 

intensity (Behera et al., 2025; Mohanty et al., 2026). 469 

Importantly, the later period (2011–2025) is not necessarily the wetter period; in some districts, 470 

precipitation is more concentrated, while the pre-monsoon temperature remains high. This 471 

altered hydrothermal regime, along with the observed warming over interior parts of Odisha, 472 

indicates an increase in climatic variability and a moisture imbalance, which may lead to 473 

increased drought stress, reduced water availability, and greater vulnerability of the agriculture 474 

sector (Kar & Sahu, 2026). 475 

 476 

Fig. 13. Hythergraphs showing the relationship between monthly mean temperature and precipitation for Boudh, 477 

Jharsuguda, Sundargarh, Koraput, and Malkangiri districts of Odisha across three 15-year periods: 1981–1995, 478 

1996–2010, and 2011–2025. Each curve represents the monthly hydrothermal regime for the respective period. 479 

5. Discussion 480 

The climatology of Odisha for the period 1981-2025 shows a clear warming signal, along with 481 

an increasingly scattered spatial-temporal distribution of rainfall. The evidence presented 482 

indicates that changes in temperature regimes show an evolutionary trend in which the 483 

formation of the warm interior became increasingly evident and common in Period 3 compared 484 

to Period 1. In contrast, minimum temperatures retained a relatively stable spatial structure, 485 



while warm-night occurrence increased in recent periods. The trends in rainfall data are 486 

inconsistent: despite no change in the long-term gradient of mean precipitation over the last 487 

four decades, the number of districts with statistically significant positive trends decreased 488 

from seven to two and, finally, to one.  489 

In contrast, the moisture characteristics (SPI-1) shifted from the Ganjam-Gajapati to the 490 

Sundargarh-Jharsuguda region and, eventually, to the coast of Balasore-Bhadrak district. These 491 

findings indicate an asymmetric evolution of two climate parameters, with one becoming 492 

increasingly coherent and the other showing spatial variability. This imbalance is reflective of 493 

statistically significant trend in temperature variables, and weak, statistically insignificant trend 494 

in precipitation variables as found by Vijayakumar et al., (2021) in coastal districts of Odissa.  495 

Unlike any uniform warming trend, the warming signals in Odisha are spatially clustered along 496 

a belt extending across the western interior regions of the state. The warm core formed by Tmax 497 

in the districts of Sundargarh, Jharsuguda, Sambalpur and its adjoining regions like Anugul, 498 

Bolangir remains intact across all three periods while expanding in terms of spatial extent and 499 

magnitude from P1 to P3. Furthermore, the observed spatial heterogeneity in Tmax is supported 500 

by the findings from the latest district-level study on Odisha, which identified significant 501 

regional variations in the trend of Tmax in the state (Sree et al., 2026). However, the Warm 502 

Night Days do not follow this pattern, although 4-5 days above the 90th percentile were 503 

restricted only to a certain number of districts lying in P1; the highest category in P3 changes 504 

its position and sharpens in Mayurbhanj, indicating that the peak WND has shifted from the 505 

central-north and south-western areas in P1 to the north-eastern areas (Mayurbhanj, Kendujhar, 506 

Balasore, Bhadrak) in P2-P3. This implies that whereas the Tmax warm core stays fixed in the 507 

western regions, the minimum temperature extreme is mobile. (Pai et al., 2013; Rohini et al., 508 

2016) Consistent occurrence of Sundargarh, Jharsuguda and Sambalpur across four different 509 

thermal indicators, including mean Tmax, Tmax variability, warm nights and heat wave 510 

frequency, suggests a structural attribute of the region’s climatic conditions, which is in 511 

accordance with the asymmetric warming documented for the Indian subcontinent by 512 

Alexander et al. 2006) as well as recent assessments by IPCC (2023). 513 

In contrast to temperature, rainfall variation in Odisha seems to occur predominantly through 514 

spatial variability, spell structure, and intensity rather than an overall shift in annual totals. 515 

Despite the lack of change in the mean annual rainfall gradient across periods P1-P3, the pattern 516 

revealed by the extreme events indices is quite different: Firstly, the number of CDD increases 517 



both spatially and temporally in the western and interior tract – the region centered on 518 

Sundargarh, Jharsuguda, Sambalpur, Baragarh and Subarnapur that is repeatedly identified in 519 

this study as the thermally and hydrologically stressed part of the state – with 260-270 day 520 

category becoming more frequent here in P3 compared to P1. Secondly, CWD decreases in the 521 

western tract, while the eastern coastal tract sustains longer wet spells. Thirdly, HRD remains 522 

spatially widespread but low in frequency, with higher values occurring in several western 523 

districts in P3. This phenomenon is in line with the findings of a similar station and gridded 524 

data analysis of Odisha, where a similar trend of increase in heavy-to-extreme rainfall and dry 525 

days, while light-to-moderate rainfall and wet days are decreasing, was observed, especially in 526 

urban and Eastern Ghats districts like Khordha (Nageswararao et al., 2019). All these indices, 527 

therefore, describe a rainfall pattern characterised by similar or even constant seasonal totals, 528 

interspersed with long dry spells and short but intense rainfall episodes; the latter redistribution 529 

is invisible on an annual total basis but is important for the soil moisture regime and irrigation 530 

scheduling in the western interior districts of Odisha(Kumar et al., 2021). 531 

The observational decline in the number of districts showing a statistically significant positive 532 

rainfall trend is from seven (Balasore, Kendraparha, Jagatsinghpur, Puri, Khordha, 533 

Nabarangapur and Nayagarh) in Period 1, to two (Malkangiri and Nuaparha) in Period 2, to 534 

one (Koraput) in Period 3, which should not be interpreted as evidence of a drying trend. This 535 

variation in the position of significant rainfall zones corresponds to the observed spatial 536 

heterogeneity in previous rainfall studies carried out for the whole state of Odisha (Behera et 537 

al., 2025; Prabhakar et al., 2019). A notable observation is that no district in any of the periods 538 

exhibits a statistically significant negative Sen’s slope; the districts that exhibit negative trends, 539 

such as Sambalpur, Jharsuguda, Subarnapur, Baragarh, and Sundargarh in Period 3, exhibit p-540 

values between 0.32 and 1.00. Thus, the decline observed is not due to a reduction in rainfall 541 

quantity but to a loss of spatial consistency in the previously positive rainfall trend.  This 542 

shifting pattern is therefore better interpreted as spatial rainfall variability rather than a reversal 543 

from wet to dry. (Guhathakurta & Rajeevan, 2008) 544 

Together, temperature and rainfall indicate a transformation in Odisha’s hydrothermal regime, 545 

most clearly reflected in changes in the intensity of monsoon rainfall. Among the thirty districts 546 

assessed, the strongest signal of such a change is in Boudh, Jharsuguda, Sundargarh, 547 

Malkangiri and Koraput districts, where the rainfall peak shows a marked shift/compression 548 

during July-August in Period 3 (2011-2025) as compared to other periods, most markedly in 549 

Boudh, where peak rainfall changes from approximately 440mm to 300mm across the entire 550 



period. Notably, Jharsuguda and Sundargarh exhibit their maximum monsoon peak in Period 2 551 

(1996-2010), as opposed to Period 3, thus indicating that monsoon intensity changes are not 552 

always progressive in nature. These kinds of temporal variabilities in monsoon rainfall features 553 

are similar to what has been observed recently in rainfall trend and change point studies over 554 

Odisha(Behera et al., 2025). Thus, the hydrothermal reorganization identified here is primarily 555 

a regional monsoon-season signal rather than a state-wide shift. Taken together, the findings 556 

indicate redistribution of hydroclimatic stresses rather than uniform intensification. Thermal-557 

stress reduction should be prioritised in the Sundargarh–Jharsuguda–Sambalpur belt, drought 558 

and soil-moisture management in western districts with longer dry spells, and flexible water 559 

management in coastal districts where moisture deficits recur. Such district-level differentiation 560 

is more informative for climate-sensitive agriculture and disaster-risk reduction than reliance 561 

on state-wide averages (Singh & Rath, 2024). 562 

6. Limitations 563 

The present study is based on the daily records maintained by the India Meteorological 564 

Department, and possible discontinuity or inhomogeneity during the earliest sub-period, 1981–565 

1995, may affect the validity of the 15-year period analysis, especially in the less-densely 566 

observed interior districts (Srivastava et al., 2009). The Mann-Kendall and Sen’s slope trends 567 

for Tmax and Tmin at the district level are still being processed and are therefore not reported 568 

quantitatively in this paper; the spatial distribution presented for these parameters must 569 

therefore be viewed as descriptive only. Numerical state-wide trends for the ETCCDI 570 

precipitation and temperature extremes are not reported in this paper. The SPI-1 index only 571 

takes into account the precipitation component of moisture stress without taking potential 572 

evaporation into account, an omission that is likely to matter in the case of the high Tmax 573 

interior districts identified in the present study (Pattanaik et al., 2017) . Hythergraph shift is 574 

described descriptively and does not, in itself, constitute reclassification of the climate type. 575 

7. Conclusion 576 

Forty-five years of district-level observations show that Odisha is not experiencing uniform 577 

warming and drying; instead, warming and rainfall variability exhibit contrasting spatial 578 

structures. The Sundargarh–Jharsuguda–Sambalpur belt emerges as a persistent thermal 579 

hotspot, characterised by high Tmax, temperature variability, warm nights, and heat-wave 580 

occurrence, whereas rainfall retains its broad west–east gradient but changes in wet/dry spell 581 

structure and the location of moisture anomalies. The results therefore point to a geographically 582 



persistent thermal signal alongside a spatially mobile hydrological signal. This heterogeneity 583 

means that state-level averages can obscure locally concentrated hydroclimatic stresses. 584 

Adaptation should consequently differentiate heat stress in the northwestern interior, drought 585 

and soil-moisture management where dry spells lengthen despite stable annual rainfall, and 586 

water management in coastal districts experiencing recurring moisture deficits. 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 



 608 

Conflict of Interest 609 

The authors declare that they have no conflict of interest. 610 

Funding Statement 611 

The authors received no specific funding or financial support for this research. 612 

Author Contributions 613 

SS: Conceptualization, Formal analysis, Writing—original draft, Writing—review and 614 

editing. 615 

SP: Conceptualization, Methodology, Writing—original draft, Writing—review and editing, 616 

Supervision 617 

 618 



 619 

References 620 

1. Abramowitz, M., & Stegun, I. A. (1964). Handbook of mathematical functions with 621 

formulas, graphs, and mathematical tables (Vol. 55). US Government printing office. 622 

2. Alexander, L. V., Zhang, X., Peterson, T. C., Caesar, J., Gleason, B., Klein Tank, A. M. 623 

G., Haylock, M., Collins, D., Trewin, B., Rahimzadeh, F., Tagipour, A., Rupa Kumar, K., 624 

Revadekar, J., Griffiths, G., Vincent, L., Stephenson, D. B., Burn, J., Aguilar, E., Brunet, M., 625 

… Vazquez-Aguirre, J. L. (2006). Global observed changes in daily climate extremes of 626 

temperature and precipitation. Journal of Geophysical Research Atmospheres, 111(5). 627 

https://doi.org/10.1029/2005JD006290 628 

3. Behera, S. B. B., Sahu, S. C., Beuria, R., Ratna, S. B., & Pattanaik, P. (2025). Monsoon 629 

rainfall trends and change point detection affecting kharif paddy ecosystems and gross primary 630 

productivity in Odisha. Scientific Reports, 15(1). https://doi.org/10.1038/s41598-025-01346-y 631 

4. Dash, C. J., Shrimali, S. S., Madhu, M., Kumar, R., & Adhikary, P. P. (2024). Unveiling 632 

rainfall and erosivity dynamics in Odisha's varied agro-climatic zones for sustainable soil and 633 

water conservation planning. Theoretical and Applied Climatology, 155(8), 7557–7574. 634 

5. India Meteorological Department (IMD). (n.d.). FAQ on Heat Wave. Ministry of Earth 635 

Sciences, Government of India. Available at: 636 

https://mausam.imd.gov.in/pdfs/heatcolduser/FAQ_heat_wave.pdf (accessed 10 September 637 

2026) 638 

6. Guhathakurta, P., & Rajeevan, M. (2008). Trends in the rainfall pattern over India. 639 

International Journal of Climatology, 28(11), 1453–1469. https://doi.org/10.1002/joc.1640 640 

7. (IPCC), I. P. on C. C. (2023). Climate Change 2021 – The Physical Science Basis: 641 

Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel 642 

on Climate Change. Cambridge University Press. https://doi.org/DOI: 643 

10.1017/9781009157896 644 

8. Kar, N., & Sahu, S. C. (2026). High-resolution machine-learning downscaled climate 645 

projections and extreme hazard assessment over monsoon-dominated Odisha, India. 646 

Geomatics, Natural Hazards and Risk, 17(1). https://doi.org/10.1080/19475705.2026.2710404 647 

9. Karl, T. R., Jones, P. D., Knight, R. W., Kukla, G., Plummer, N., Razuvayev, V., Gallo, 648 

K. P., Lindseay, J., Charlson, R. J., & Peterson, T. C. (1993). A new perspective on recent global 649 

warming: Asymmetric trends of daily maximum and minimum temperature. Bulletin of the 650 

American Meteorological Society, 74(6), 1007–1023. 651 

10. Kendall, M. G. (1948). Rank correlation methods. London: Charles Griffin & Co. 652 

11. Klein, A. M. G., Ko¨nnen, G. P., & Ko¨nnen, K. (n.d.). 3665 K L E I N T A N K A N D 653 

K O ¨ N N E N 2003 American Meteorological Society Trends in Indices of Daily Temperature 654 

and Precipitation Extremes in Europe, 1946-99. Retrieved http://www.knmi.nl/samenw/eca 655 

12. Krishnan, R., Sabin, T. P., Vellore, R., Mujumdar, M., Sanjay, J., Goswami, B. N., 656 

Hourdin, F., Dufresne, J.-L., & Terray, P. (2016). Deciphering the desiccation trend of the South 657 

Asian monsoon hydroclimate in a warming world. Climate Dynamics, 47(3–4), 1007–1027. 658 

13. Kumari, P., Singh, H. P., Dangi, P., & Shukla, A. K. (2026). Spatio-temporal analysis 659 

of rainfall extremes and drought variability in the Tel basin, Odisha, India, under changing 660 



climate. Innovative Infrastructure Solutions, 11(3). https://doi.org/10.1007/s41062-026-02515-661 

2 662 

14. Mann, H. B. (1945). Nonparametric tests against trend. Econometrica: Journal of the 663 

Econometric Society, 245–259. 664 

15. Mckee, T. B., Doesken, N. J., & Kleist, J. (1993). THE RELATIONSHIP OF 665 

DROUGHT FREQUENCY AND DURATION TO TIME SCALES. In Eighth Conference on 666 

Applied Climatology. 667 

16. Mishra, P. K. (2017a). Socio-economic Impacts of Climate Change in Odisha: Issues, 668 

Challenges and Policy Options. Journal of Climate Change, 3(1), 93–107. 669 

https://doi.org/10.3233/jcc-170009 670 

17. Mishra, P. K. (2017b). Socio-economic Impacts of Climate Change in Odisha: Issues, 671 

Challenges and Policy Options. Journal of Climate Change, 3(1), 93–107. 672 

https://doi.org/10.3233/jcc-170009 673 

18. Mohanty, T. R., Sahu, C. K., Panigrahi, G., Dugal, D., Nag, T., & Bal, S. K. (2026). 674 

Extreme rainfall and temperature events in Odisha: Trends and vulnerabilities. Mausam, 77(2), 675 

565–578. https://doi.org/10.54302/mausam.v77i2.6650 676 

19. Nageswararao, M. M., Sinha, P., Mohanty, U. C., Panda, R. K., & Dash, G. P. (2019). 677 

Evaluation of district-level rainfall characteristics over Odisha using high-resolution gridded 678 

dataset (1901–2013). SN Applied Sciences, 1(10). https://doi.org/10.1007/s42452-019-1234-5 679 

20. Nayak, B. P., Fellow, A., & Lall, K. (2013). Climate Variability, Local Environmental 680 

Changes and Rural Livelihood Systems: A Case Study of Three Coastal Villages in India. 681 

21. Pai, D. S., Nair, A., & Ramanathan, A. N. (2013). Long term climatology and trends of 682 

heat waves over India during the recent 50 years (1961-2010). In MAUSAM (Vol. 64, Number 683 

4). 684 

22. Pai, D. S., Sridhar, L., Rajeevan, M., Sreejith, O. P., Satbhai, N. S., & Mukhopadhyay, 685 

B. (2014). Development of a new high spatial resolution (0.25° × 0.25°) long period (1901–686 

2010) daily gridded rainfall data set over India and its comparison with existing data sets over 687 

the region. Mausam, 65(1), 1–18. 10.54302/mausam.v65i1.851  688 

23. Panda, A., & Sahu, N. (2019). Trend analysis of seasonal rainfall and temperature 689 

pattern in Kalahandi, Bolangir and Koraput districts of Odisha, India. Atmospheric Science 690 

Letters, 20(10). https://doi.org/10.1002/asl.932 691 

24. Parthasarathy, B., Munot, A. A., & Kothawale, D. R. (1994). Theoretical and Apjolied 692 

Climatology All-India Monthly and Seasonal Rainfall Series: 1871-1993. In Theor. Appl. 693 

Climatol (Vol. 49). 694 

25. Pattanaik, D. R., Mohapatra, M., Srivastava, A. K., & Kumar, A. (2017). Heat wave 695 

over India during summer 2015: an assessment of real time extended range forecast. 696 

Meteorology and Atmospheric Physics, 129(4), 375–393. https://doi.org/10.1007/s00703-016-697 

0469-6 698 

26. Prabhakar, A. K., Singh, K. K., Lohani, A. K., & Chandniha, S. K. (2019). Assessment 699 

of regional-level long-term gridded rainfall variability over the Odisha State of India. Applied 700 

Water Science, 9(4). https://doi.org/10.1007/s13201-019-0975-z 701 



27. Peterson, T. C., Easterling, D. R., Karl, T. R., Groisman, P., Nicholls, N., Plummer, N., 702 

Torok, S., Auer, I., Boehm, R., Gullett, D., Vincent, L., Heino, R., Tuomenvirta, H., Mestre, O., 703 

Szentimrey, T., Salinger, J., Førland, E. J., Hanssen-Bauer, I., Alexandersson, H., Jones, P., & 704 

Parker, D. (1998). Homogeneity adjustments of in situ atmospheric climate data: A review. 705 

International Journal of Climatology, 18(13), 1493–1517. 706 

28. Rajeevan, M., Bhate, J., & Jaswal, A. K. (2008). Analysis of variability and trends of 707 

extreme rainfall events over India using 104 years of gridded daily rainfall data. Geophysical 708 

Research Letters, 35(18). https://doi.org/10.1029/2008GL035143 709 

29. Rohini, P., Rajeevan, M., & Srivastava, A. K. (2016). On the Variability and Increasing 710 

Trends of Heat Waves over India. Scientific Reports, 6. https://doi.org/10.1038/srep26153 711 

30. Sahu, P., Mohanty, P. K., Padhi, S. R., & Gouda, K. C. (2025). Regional assessment of 712 

rainfall indices for drought conditions during the monsoon season in Odisha. Journal of Earth 713 

System Science, 134(2). https://doi.org/10.1007/s12040-025-02586-2 714 

31. Seneviratne, S. I., & Zurich, E. (2012). Changes in climate extremes and their impacts 715 

on the natural physical environment. 716 

32. Singh, M., & Rath, B. S. (2024). Rainfall characteristics under changing climate in 717 

Sundergarh district of Odisha. Mausam, 75(4), 993–1008. 718 

https://doi.org/10.54302/mausam.v75i4.3563 719 

33. Sree, K. S., Sahoo, A., Samantaray, S., & Satapathy, D. P. (2026). Spatiotemporal trend 720 

analysis of precipitation and temperature in Odisha using non-parametric and visual 721 

techniques. Theoretical and Applied Climatology, 157(4). https://doi.org/10.1007/s00704-026-722 

06141-x 723 

34. Srivastava, A. K., Rajeevan, M., & Kshirsagar, S. R. (2009). Development of a high 724 

resolution daily gridded temperature data set (1969–2005) for the Indian region. Atmospheric 725 

Science Letters, 10(4), 249–254.DOI: 10.1002/asl.232 726 

35. Thornthwaite, C. W. (1948). An Approach toward a Rational Classification of Climate. 727 

In Geographical Review (Vol. 38, Number 1). 728 

36. Trenberth, K. E. (2011). Changes in precipitation with climate change. Climate 729 

Research, 47(1–2), 123–138. https://doi.org/10.3354/cr00953 730 

37. Vicente-Serrano, S. M., Beguería, S., & López-Moreno, J. I. (2010). A multiscalar 731 

drought index sensitive to global warming: The Standardized Precipitation Evapotranspiration 732 

Index. Journal of Climate, 23(7), 1696–1718. 733 

38. Vijayakumar, S., Nayak, A. K., Manikandan, N., Pattanaik, S., Tripathi, R., & Swain, 734 

C. K. (2021). Extreme Weather Events and Its Impacts on Rice Production in Coastal Odisha 735 

Region of India. https://doi.org/10.21203/rs.3.rs-728031/v1 736 

39. Ghosh, S., Vittal, H., Sharma, T., Karmakar, S., Kasiviswanathan, K. S., Dhanesh, Y., 737 

Sudheer, K. P., & Gunthe, S. S. (2016). Indian Summer Monsoon Rainfall: Implications of 738 

Contrasting Trends in the Spatial Variability of Means and Extremes. PLoS ONE, 11(7), 739 

e0158670. https://doi.org/10.1371/journal.pone.0158670 740 

40. Hamed, K. H., & Rao, A. R. (1998). A modified Mann-Kendall trend test for autocorrelated 741 

data. Journal of Hydrology, 204(1–4), 182–196. https://doi.org/10.1016/S0022-742 

1694(97)00125-X 743 



41. Kothawale, D. R., Revadekar, J. V., & Rupa Kumar, K. (2010). Recent trends in pre-744 

monsoon daily temperature extremes over India. Journal of Earth System Science, 119(1), 51–745 

65. https://doi.org/10.1007/s12040-010-0008-7 746 

42. Kumar, S., Chanda, K., & Pasupuleti, S. (2020). Spatiotemporal analysis of extreme indices 747 

derived from daily precipitation and temperature for climate change detection over India. 748 

Theoretical and Applied Climatology, 140(1–4), 343–357. https://doi.org/10.1007/s00704-749 

020-03088-5 750 

43. Kumar, V., Sunilkumar, K., & Sinha, T. (2021). Proportional Trends of Continuous Rainfall 751 

in Indian Summer Monsoon. Remote Sensing, 13(3), 398. https://doi.org/10.3390/rs13030398 752 

44. Malayalam, U., Mohanty, T. R., Mishra, S. N., Ghosh, A., Dwibedi, S. K., Gupta, A. K., 753 

Nayak, C., Das, S., Sarangi, K. K., & Mandal, B. K. (2026). Declining rainfall frequency and 754 

increasing intensity across Odisha. Scientific Reports, 16, 20514. 755 

https://doi.org/10.1038/s41598-026-49154-2 756 

45. Panda, D. K., Mishra, A. K., Kumar, A., Mandal, K. G., Thakur, A. K., & Srivastava, R. C. 757 

(2014). Spatiotemporal patterns in the mean and extreme temperature indices of India, 1971–758 

2005. International Journal of Climatology, 34, 3585–3603. https://doi.org/10.1002/joc.3931 759 

46. Roxy, M. K., Ghosh, S., Pathak, A., Athulya, R., Mujumdar, M., Murtugudde, R., Terray, 760 

P., & Rajeevan, M. (2017). A threefold rise in widespread extreme rain events over central 761 

India. Nature Communications, 8, 708. https://doi.org/10.1038/s41467-017-00744-9 762 

47. Sen, P. K. (1968). Estimates of the Regression Coefficient Based on Kendall’s Tau. Journal 763 

of the American Statistical Association, 63(324), 1379–1389. 764 

https://doi.org/10.1080/01621459.1968.10480934 765 

48. Wagholikar, N. K., Sinha Ray, K. C., Sen, P. N., & Pradeep Kumar, P. (2014). Trends in 766 

seasonal temperatures over the Indian region. Journal of Earth System Science, 123(4), 673–767 

687. https://doi.org/10.1007/s12040-014-0433-0 768 

 769 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Hythergraph30Districtssubfigured.pdf

https://assets-eu.researchsquare.com/files/rs-11617716/v1/9e39c0d49d81caa5a3986edd.pdf


  x ̄   =   ( 1 / n )   𝛴 ᵢ ₌ ₁ ⁿ   x ᵢ


  


 


  


  | Z |   ≥   1 . 96


  𝜏   =   S   /   [ n ( n − 1 ) / 2 ]


  Q ₖ   =   ( x ⱼ   −   x ᵢ )   /   ( j   −   i ) ,   f o r   a l l   i   <   j


  S D   ( 𝜎 )   =   √ [ ( 1 / ( n − 1 ) )   𝛴 ᵢ ₌ ₁ ⁿ   ( x ᵢ   −   x ̄ ) ² ]


  C V   ( % )   =   ( 𝜎   /   x ̄ )   ×   100


  G ( x )   =   [ 1   /   ( 𝛽 ^ 𝛼   𝛤 ( 𝛼 ) ) ]   ∫ ₀ ˣ   t ^ ( 𝛼 − 1 )   e ^ ( − t / 𝛽 )   d t


  S   =   𝛴 ᵢ ₌ ₁ ⁿ ⁻ ¹   𝛴 ⱼ ₌ ᵢ ₊ ₁ ⁿ   s g n ( x ⱼ   −   x ᵢ )


  s g n ( x ⱼ   −   x ᵢ )


  V a r ( S )   =   [ n ( n − 1 ) ( 2 n + 5 )   −   𝛴 ₖ   t ₖ ( t ₖ − 1 ) ( 2 t ₖ + 5 ) ]   /   18


  Z   =   ( S   −   1 )   /   √ V a r ( S ) ,   i f   S   >   0


 

