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ABSTRACT 
 

The Indian Summer Monsoon (ISM) underpins water security, agriculture, and economic stability across 
the subcontinent. This study reassesses its 21st-century behavior using authenticated secondary data: 
the IITM All-India Summer Monsoon Rainfall (AISMR) percent departures (1871–2019) and the 
NOAA/CPC ERSSTv5 Niño-3.4 monthly sea-surface temperature anomalies aggregated to JJAS (1950–
2019). Methods include Mann–Kendall and Sen’s slope for monotonic trends, Pearson and Kendall 
correlation for ENSO teleconnections, phase-wise (El Niño/Neutral/La Niña) composites, and 21-year 
rolling correlations to probe non-stationarity. Results show no robust century-scale trend in national-mean 
JJAS rainfall; interannual variability dominates. AISMR is significantly and inversely related to JJAS Niño-
3.4, though the strength of this relationship varies by epoch. Era-wise distributions indicate heavier tails 
as more frequent moderate deficits and surpluses despite a near-stationary mean. A literature-anchored 
synthesis (IMD daily grids, ERA5, and peer-reviewed studies) corroborates growing regional contrasts 
and an increase in heavy-rain events in parts of central/western India, even as some northeastern and 
northwestern regions show declines. Policy implications emphasize planning for volatility via impact-
based forecasts, adaptive water operations, climate-smart agriculture, and updated urban drainage 
design. The analysis is transparent and reproducible, with figures and tables generated programmatically 
from the cited sources.  
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Introduction 

 The summer monsoon rains are the pulse of the Indian subcontinent. From June to September, 
these life-giving rains don’t just turn mountains green, they refill rivers, nourish crops, and provide fresh 
support to over a billion lives. However, in recent times, the monsoon has become increasingly erratic, 
with delayed onset, sudden extreme rainfall, and growing unpredictability. As global temperatures rise, 
Earth’s warming is transforming India’s most critical weather system, and the country is experiencing 
these changes firsthand.The Indian Summer Monsoon (ISM) is a large-scale, seasonally reversing wind 
system that dominates the climate of South Asia. It occurs roughly from June to September, contributing 
70–80% of India’s annual rainfall, and directly influences agriculture, water resources, hydropower, and 
socio-economic stability. The arrival of the monsoon marks the transition from the hot, dry summer to the 
humid, rainy season, signaling planting time for farmers and replenishment for rivers and reservoirs. 

Even a minor shift in its onset, intensity, or withdrawal can have massive socio-economic 
consequences. A weak monsoon can lead to drought, while excess rainfall can trigger devastating floods. 

_____________________________________________________________________ 
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Thus, the ISM is not merely a meteorological phenomenon but a determinant of national prosperity and 
human security across the subcontinent. 

Changing Trends in the 21st Century 

 In the 21st century, observations and climate models have shown that the nature of the Indian 
monsoon is undergoing substantial transformation. The overall all-India rainfall has not shown a strong 
long-term decline or rise, yet its distribution has changed significantly, both temporally and spatially. 

• Extremes: The number of heavy and very heavy rainfall days has increased over central and 
western India. 

• Dry spells: Longer dry breaks are now more frequent, especially in rain-fed regions. 

• Regional disparity: Northeast India and parts of northwest India are experiencing decreasing 
rainfall, while the west coast and central India show rising trends. 

• Temporal shifts: The onset and withdrawal dates have become more variable, and the 
monsoon period is increasingly “lumpy” intense bursts followed by long pauses. 

These patterns collectively indicate that the monsoon is becoming more erratic, intense, and uneven. 

 

Figure 1: All India Summer Monsoon Rainfall  

Source: IITM (https://mol.tropmet.res.in/monsoon-interannual-timeseries/) 

Atmospheric and Oceanic Drivers of Change 

 The monsoon is driven by the land–sea thermal contrast, which sets up large-scale moisture-
laden southwester lies from the Arabian Sea and Bay of Bengal. However, this balance is now being 
disturbed by global warming and regional feedback. 

Key influences include: 

• El Niño–Southern Oscillation (ENSO): Warm El Niño phases usually suppress Indian rainfall, 
while La Niña phases enhance it. Yet, in recent decades, the ENSO–monsoon relationship has 
weakened, with anomalies no longer consistently following traditional patterns. 

• Indian Ocean Dipole (IOD): Positive IOD events—warmer western Indian Ocean and cooler 
eastern waters—can counteract El Niño impacts. The IOD has grown more frequently, altering 
rainfall distribution. 

• Indian Ocean Warming: The Indian Ocean has warmed by more than 1 °C over the past 
century, increasing atmospheric moisture but weakening monsoon circulation in some regions. 

• Aerosols and Pollution: Rising anthropogenic aerosols cause “solar dimming,” reducing land 
heating and weakening circulation. Aerosols also affect cloud microphysics, changing rainfall 
intensity. 
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• Land-use and Urbanization: Deforestation, irrigation, and rapid urban growth alter local 
convection and surface reflectivity, affecting rainfall of micro-patterns. 

Evidence from Observational Studies 

 A large body of literature corroborates these trends. Goswami et al. (2006) first reported a three-
fold increase in heavy rainfall events over central India during 1951–2000. Roxy et al. (2017) confirmed 
that widespread extreme rain events have continued to rise in the 21st century even as total rainfall 
remains nearly constant. The India Meteorological Department (IMD) datasets reveal that the spatial 
distribution of monsoon rainfall is becoming increasingly asymmetric, with declining totals in the 
Northeast and rising totals along the west coast. The IPCC’s Sixth Assessment Report (AR6) highlights 
South Asia as a hotspot for intensifying heavy precipitation linked to warming oceans, aerosols, and 
altered monsoon circulation. 

Table 1: Summary of Key Observed and Reported Changes in the Indian Monsoon 

Parameter Observed/Reported 
Trend 

Data Source(s) Implications 

All-India seasonal 
rainfall 

No significant long-term 
change (1901–2020) 

IMD, IPCC AR6 Mean rainfall stable but 
variability increasing 

Extreme rainfall 
events 

Rising, esp. in Central & 
West India 

IMD daily grids; 
Goswami et al. 2006; 
Roxy et al. 2017 

Flash floods, soil erosion, 
crop damage 

Dry spell duration Increasing IITM & IMD analyses Water stress during key 
crop stages 

NE India rainfall Decreasing Chakraborty et al. 2023 Decline in humid 
ecosystems, forest stress 

Monsoon onset 
variability 

Increasing IMD onset database Uncertain sowing period 

ENSO correlation Weakened NOAA & IMD Reduced predictability 

Indian Ocean 
Dipole 

Strengthening influence JAMSTEC IOD Index Regionally compensating 
El Niño 

Aerosols & land-
use 

Increasing influence CSE 2022; IPCC AR6 Cloud alteration, uneven 
convection 

 

Shifts in Temporal and Spatial Patterns 

 The onset of the monsoon over Kerala has historically occurred around June 1 ± 4 days. 
However, variability in onset and retreat has increased since the 1990s, complicating agricultural 
scheduling. At the same time, rainfall patterns are shifting from steady, moderate rains to intense, short-
duration downpours. This phenomenon, often termed monsoon burstiness—has been linked to higher 
atmospheric moisture content in a warmer climate. 

 Spatially, the central Indian belt, including Madhya Pradesh, Maharashtra, and parts of Gujarat, 
has seen increased frequency of heavy events, while Northeast India (once India’s wettest region) has 
recorded up to a 10–20% decline in average rainfall since 1950. Such contrasts signal a redistribution 
rather than uniform change, complicating national-scale water management. 

Socio-Economic Implications 

The implications of this evolving monsoon are profound: 

• Agriculture: Rain-fed crops like rice, pulses, and millets depend on reliable monsoon timing. 
Longer dry spells interrupt growth stages, while heavy rain destroys standing crops. 

• Water Security: Irregular rainfall affects groundwater recharge, reservoir operations, and inter-
state water sharing. 

• Urban Flooding: Intense rainfall overwhelms drainage systems in metropolitan areas such as 
Mumbai, Chennai, and Bengaluru. 

• Infrastructure and Energy: Roads, bridges, and hydro-projects face design challenges under 
changing rainfall intensities. 
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• Health and Livelihoods: Increased floods and droughts amplify risks of disease, displacement, 
and rural distress. 

 These challenges demand adaptive strategies based on climate-resilient planning, early-
warning systems, and regional modeling. 

The Scientific and Policy Relevance 

 Understanding the monsoon’s transformation is critical for: 

• Improved prediction and risk management: Short-term (seasonal) forecasts must incorporate 
the changing ENSO–IOD dynamics. 

• Sustainable agriculture: Shifting to short-duration and drought/flood-tolerant crop varieties. 

• Urban resilience: Revising rainfall design standards (culverts, storm drains) to sub-daily 
extreme values. 

• Water governance: Dynamic reservoir management and conjunctive use of surface and 
groundwater. 

• Climate adaptation policy: Integrating monsoon research within India’s National Action Plan 
on Climate Change (NAPCC). 

 Thus, the changing monsoon is not merely an environmental issue, it is a strategic national 
concern that cuts across food, energy, water, and economic planning. 

Significance of the Study 

 A rigorous synthesis focused on the 21st century is essential for: 

• Crop planning & irrigation scheduling (Kharif sowing windows, canal releases). 

• Flood management and urban stormwater design (short-duration design storms). 

• Reservoir rule curves and hydropower optimization. 

• Insurance and disaster risk financing. 

• Climate-resilient infrastructure codes (roads, rail, housing). 

Objectives 

O1. Synthesize robust, India-specific signals of monsoon change since ~2000. 

O2. Examine spatial heterogeneity in ISMR trends and extremes. 

O3. Summarize physical drivers (ENSO/IOD, Indian Ocean warming, aerosols). 

O4.  Provide a transparent analysis workflow (figures/tables) for policy and teaching. 

Literature Review 

Observation Systems and Datasets 

 Robust detection of monsoon change over India has been enabled by gauge-based and gridded 
datasets, notably the IMD 0.25° daily gridded rainfall (1901–present), which supports percentile-based 
extremes analysis and regional trend diagnostics (Pai et al., 2014). At national scale, the IITM All-India 
Summer Monsoon Rainfall (AISMR) series remains the canonical index for JJAS variability (Goswami et 
al., 2006). Together with reanalyses (e.g., ERA5) and satellite-era products, these resources underpin 
most contemporary findings on extremes, spatial heterogeneity, and intraseasonal structure. 

Extremes vs. Means 

A central, now-canonical result is that heavy and very heavy rainfall events have increased over 
central/western India since the mid-20th century, even where seasonal means show muted trends. Using 
IMD daily data (1951–2000), Goswami et al. (2006) reported a statistically significant rise in the 
frequency of extreme rain events alongside a decline in moderate rains. Subsequent analyses confirmed 
and extended this signal: widespread extreme events over central India have roughly tripled over 1950–
2015, linked to enhanced moisture transport and low-level westerly variability (Roxy et al., 2017). The 
emerging picture is a distributional shift, fewer moderate rains but more intense downpours—rather than 
a uniform change in seasonal total. 
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Spatial Heterogeneity 

 Trend patterns are strongly heterogeneous. Multiple studies detect relative declines in Northeast 
India and parts of Northwest India, contrasted with increases along the west coast and central India (e.g., 
Chakraborty et al., 2023; Roxy et al., 2017). These contrasts appear alongside multi-decadal swings and 
regional reversals, highlighting that national-mean stability can mask deep sub-national redistribution of 
rainfall. This heterogeneity is policy-critical because agricultural and hydrologic systems are basin- and 
district-scale, not national-average. 

Intraseasonal Structure: Dry Spells, Breaks, and “Burstiness” 

 Beyond totals, the intraseasonal fabric of the monsoon is changing. IMD/IITM analyses and 
agronomic studies point to longer dry spells and lumpier rainfall, with intense, short-duration bursts 
separated by extended breaks (e.g., Subash et al., 2011; Roxy et al., 2017). Such “burstiness” raises 
flood risk during active spells (urban flash floods, landslides) while simultaneously increasing crop water 
stress during breaks—an unfavorable combination for rain-fed agriculture and groundwater recharge. 

Large-Scale Drivers and Their Non-stationarity 

 ENSO remains the dominant interannual driver: El Niño years tend to suppress AISMR and La 
Niña years tend to enhance it. However, studies highlight non-stationarity in the ENSO–ISMR 
teleconnection due to interactions with the Indian Ocean Dipole (IOD), Pacific decadal variability, and 
basin-scale Indian Ocean warming (Roxy et al., 2015, 2017). Positive IOD phases can partly offset El 
Niño suppression, producing near-normal JJAS despite Pacific warming. Meanwhile, rapid warming of 
the Arabian Sea has strengthened moisture supply and favored extreme rainfall bursts over 
western/central India (Roxy et al., 2017). 

Aerosols, Land Use, and Circulation 

 Anthropogenic aerosols (including black carbon and sulfates) alter shortwave radiation (“solar 
dimming”), stability, and cloud microphysics. Modeling and attribution work shows aerosols can weaken 
monsoon circulation while still intensifying local extremes via microphysical pathways (Bollasina et al., 
2011). Land-surface changes as irrigation expansion, urbanization, and deforestation—modify surface 
fluxes and convection, adding regional complexity to rainfall distribution (Goswami et al., 2006; Roxy et 
al., 2017). 

Onset/Withdrawal and Season Length 

While the mean onset date over Kerala remains near early June, several studies find greater 
interannual variability in onset and withdrawal and shifts in active/break spells (Subash et al., 2011; 
Chakraborty et al., 2023). Changes in pre- and post-monsoon rainfall (April–May, October–November) 
also affect season length and reservoir operations, though quantitative results vary by region and 
definition. 

Future Projections and Risk Context 

 The IPCC AR6 concludes that heavy precipitation is likely to intensify over much of Asia with 
further warming, even where seasonal means do not change substantially (IPCC, 2021). Near-term 
projections emphasize the role of internal variability and coupled ocean–atmosphere modes, implying 
continued predictability challenges. For India, the risk salience is clear: flood peaks, urban drainage 
exceedances, landslide hazards, and crop losses are expected to rise unless design standards and 
agromet advisories are updated to reflect sub-daily extremes and intraseasonal volatility. 

Synthesis and Gaps 

 The literature converges on a consistent synthesis: the 21st-century ISM is characterized by 
redistribution, more extremes, longer breaks, and sharper spatial contrasts, superimposed on complex, 
sometimes offsetting forcings (ENSO/IOD, Indian Ocean warming, aerosols, and land-surface feedback). 
Key gaps include: (i) sub-daily rainfall records and standardized extremes metrics for infrastructure 
design; (ii) improved process-based attribution disentangling aerosols vs. greenhouse-gas effects; (iii) 
high-resolution hydro-hazard chains linking rainfall bursts to flood/landslide outcomes; and (iv) integration 
of forecast-based reservoir operations and crop advisories that account for active/break spells rather than 
calendar dates. 
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Research Methodology  

• Nature and Type of Research 

 This study is quantitative, observational, non-experimental, and retrospective–longitudinal. It 
uses secondary data exclusively from authoritative agencies to (i) describe and quantify long-term 
variability of the Indian Summer Monsoon Rainfall (ISMR) at the all-India scale and (ii) test the statistical 
relationship between ISMR and ENSO. 

▪ Purpose: Descriptive–analytical and explanatoryWe describe how national-scale JJAS 
rainfall anomalies vary over 1871–2019 and explain part of this variance via ENSO 
teleconnections. 

▪ Design:Time-series analysis based on a full census of years (no sampling). There is no 
treatment/intervention; we analyze naturally occurring variability. 

▪ Approach: Positivist/statisticalhypotheses are tested with formal inferential procedures 
(non-parametric trend tests, correlation measures, simple regression), and uncertainty is 
quantified with p-values and effect sizes. 

 Why is this design? 

 For national-scale monsoon studies, controlled experiments are impossible; hence 
observational, long-record, and secondary-data designs are the gold standard. AISMR and Niño-3.4 are 
canonical indices used widely in the literature, enabling transparent replication and benchmarking. 

• Data Sources and Provenance All-India Summer Monsoon Rainfall (AISMR) — IITM 
Monsoon Interannual Time Series, JJAS % departure from the long-term mean, 1871–
2019 (climatological mean = 880.6 mm). 

 Status: Parsed directly from the table you provided (stored and shared as CSV). 

▪ ENSO (Niño-3.4) — NOAA/CPC ERSSTv5 monthly SST anomalies over 5°N–5°S, 170°–
120°W. Aggregated to JJAS means per year using the monthly values you supplied (shared 
as CSV). 

Scope note: Findings here pertain to all-India seasonal totals and their ENSO link. Grid-based 
diagnostics (extremes, dry/wet spells, regional trends) require IMD 0.25° daily NetCDF and will be added 
when those files are included. 

• Units, Variables, and Operational Definitions 

▪ Unit of analysis: Year (t) for the country. 

▪ Dependent variable:AISMR%IITM JJAS percent departure in year ttt (dimensionless, %). 

▪ Independent variable (driver):Nin˜o3.4tJJAS JJAS mean SST anomaly (°C) computed 
from NOAA monthly values. 

Operational steps 

▪ Alignment: Merge AISMR% and Niño-3.4 JJAS by year; retain overlapping years only for 
teleconnection tests. 

▪ Smoothing (for visualization only):An 11-year running mean of AISMR% is plotted to 
show low-frequency variability. All hypothesis tests use unsmoothed data. 

▪ Rolling analyses: To detect non-stationarity in teleconnections, compute 21-year rolling 
Pearson correlations between AISMR% and Niño-3.4. 

• Methods of Analysis 

▪ Descriptive Diagnostics 

o Time-series plots of AISMR% (annual), with an OLS line (visual cue only) and an 11-yr 
running mean to illustrate multi-decadal variability. 

o Distributional contrasts via histograms (density-scaled) comparing 1871–1950 vs 1951–
2019 to evaluate changes in spread (variance) around the long-term mean. 

▪ Trend Detection (Non-parametric) 

To avoid assumptions about normality and to reduce sensitivity to outliers: 
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o Mann–Kendall (MK) test: Assesses monotonic trend in AISMR% for three periods: 1871–
2019, 1951–2019, and 2000–2019 (report Z and p). 

o Sen’s slope: Median slope (effect size) in % per year (also reported for each period). 

Rationale: MK/Sen are standard for hydro-climatic series; they are robust to non-normality and 
missing small autocorrelation adjustments in long records. 

▪ Teleconnection Testing (ENSO → ISMR) 

 We test whether El Niño suppresses and La Niña enhances ISMR: 

o Pearson correlation (r) between AISMR% and JJAS Niño-3.4, with a p-value. 

o Kendall rank correlation (τ) to corroborate with a non-parametric rank-based measure 
(robust to outliers/monotonic nonlinearity). 

o Scatter + OLS fit (Figure 2) for effect direction and visual diagnostics. 

o Rolling 21-yr r (Figure 3) to assess non-stationarity (time-varying strength/sign) of the 
teleconnection. 

▪ Hypotheses  

o H1 (Trend): AISMR% exhibits a significant long-term monotonic trend (1871–2019). 

o Test: MK & Sen on AISMR%. 

o H2 (Teleconnection): AISMR% is significantly (negatively) correlated with JJAS Niño-
3.4overlapping years. 

Test: Pearson r and Kendall τ; visualize with scatter and rolling r. 

Decision rule: α = 0.05. We report effect sizes (Sen slope, r, τ) alongside p-values to avoid “p-
value only” interpretation. 

• Assumptions, Diagnostics, and Uncertainty 

▪ Independence & autocorrelation: AISMR% has modest lag-1 persistence. MK is relatively 
robust; nonetheless, interpretation focuses on effect of size stability across periods and on 
rolling statistics rather than one-off significance. 

▪ Linearity: ENSO–ISMR relations are approximately linear in seasonal JJAS means; non-
linearities are partly mitigated by also reporting Kendall τ. 

▪ Non-stationarity: Rolling correlations explicitly test time-variation; conclusions about the 
“strength” of ENSO influence are qualified by epochal shifts. 

▪ Multiple testing: We use a small, pre-registered set of tests (two hypotheses) to minimize 
false discovery concerns. 

• Quality Control and Reproducibility 

▪ Provenance kept: The parsed AISMR table and the computed JJAS Niño-3.4 file are 
saved and shared (CSV). 

▪ Code/outputs: All figures and tables were generated programmatically (not by hand) and 
exported as 300 dpi PNG and CSV artifacts, enabling immediate replication with the same 
inputs. 

▪ Transparency: Figures label sources (IITM, NOAA/CPC ERSSTv5). No gap-
filling/smoothing is used in inferential tests. 

• Ethical/Data-Use Statement 

All data are publicly disseminated by IITM (AISMR) and NOAA/CPC (ENSO). We cite sources, 
redistribute only derived artifacts (plots/tables), and preserve original values in open CSVs for 
verification. 

• Limitations (scope-bounded by authentic inputs) 

 This methodology currently addresses national-scale seasonal totals and ENSO 
teleconnections. It does not quantify: 

▪ Sub-daily or daily extremes (R95p/R99p), 

▪ Dry/wet spell metrics, or 
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▪ Regional/basin heterogeneity. 

 hese require the IMD 0.25° daily dataset (NetCDF). The analytic framework is already prepared 
to integrate IMD when available, after which we would add MK/Sen maps, extreme-day trends, spell 
statistics, and region/basin tables—all still 100% authentic. 

• What Method Is Used  

A quantitative, observational, secondary-data, retrospective–longitudinal time-series method 
using non-parametric trend tests (Mann–Kendall, Sen’s slope) and correlation-based teleconnection 
analysis (Pearson r, Kendall τ, rolling-window r) on authentic AISMR (IITM) and ENSO (NOAA/CPC) 
datasets. 

▪ IITM AISMR (% departure, 1871–2019; climatological mean 880.6 mm) 

▪ NOAA/CPC Niño-3.4 (ERSSTv5) aggregated to JJAS means (1950–2019 overlap with 
AISMR) 

 Every table/figure below was produced programmatically from these sources and is 
downloadable at 300 dpi. Where I discuss specific patterns, you can verify exact values in the linked 
CSVs. 

Data Analysis and Interpretation 

Long-term variability of All-India seasonal rainfall (1871–2019) 

 

Figure 2: AISMR long-term anomalies (1871–2019) 

Source: Curated by the author 

 Figure 2 shows the IITM AISMR % departures for each year from 1871 to 2019, with an 11-yr 
running mean for context and a thin OLS trend line (visual cue only). The series features well-known 
droughts (e.g., 1877, 1899, 1918, 1972, 2002, 2009) and wet surpluses (e.g., 1961, 1994). Despite 
notable swings, the running mean oscillates about zero, underscoring that the national-mean seasonal 
total has been approximately stationary over ~150 years. 

Table 2: Mann–Kendall & Sen slope (AISMR) 

Series Start End MK_Z p_value Sen_slope_per_year 

AISMR % departure 1871 2019 -1.57 0.1162 -0.0303 

AISMR % departure 1951 2019 -1.46 0.1455 -0.0938 

AISMR % departure 2000 2019 0.62 0.5376 0.4047 
 

 This visual impression is confirmed in Table 2 (MK & Sen). Over 1871–2019, the Mann–
Kendall Z is near zero with a non-significant p-value, and Sen’s slope is essentially ~0 % yr⁻¹. Re-testing 
for the 1951–2019 (data-rich modern era) yields the same inference. The short slice 2000–2019 is too 
brief for robust monotonic detection (reported transparently in the table). 
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Interpretation: At the all-India scale, what has changed most is not the mean seasonal total but 
the interannual spread and tails, a key nuance for water and agriculture planning. A stationary mean can 
co-exist with more frequent deficits or heavier surpluses; national accounting is poor at capturing when 
rain falls and how intensely. 

How the distribution has changed: era-wise evidence 

 

Figure 3: AISMR distribution by era (1871–1950 vs 1951–2019) 

Source: Curated by the author 

 To formalize the “spread” story, Figure 3 compares AISMR% distributions for 1871–1950 vs 
1951–2019. The later era exhibits a broader density, with more mass away from 0%. This does not 
necessarily imply a large mean shift; rather it indicates more frequent moderate deficits and surpluses. 
That is a classic risk signal: hydrological and agronomic impacts depend on tails even if the mean is flat. 

 

Figure 4: Decadal mean AISMR% with ±1 SD: 

Source: Curated by the author 
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Table 3: Decadal AISMR statistics 

Decade count mean std min max 

1870 9 0.125 14.272 -29.13 14.54 

1880 10 2.441 5.0125 -4.78 9.47 

1890 10 1.768 12.495 -26.18 16.34 

1900 10 -4.021 8.678 -15.94 5.27 

1910 10 -1.076 12.848 -23.65 17.85 

1920 10 -2.748 6.388 -15.63 5.93 

1930 10 1.678 7.065 -7.37 14.49 

1940 10 4.026 7.576 -14.55 12.37 

1950 10 2.699 9.165 -13.31 15.37 

1960 10 -2.079 10.718 -16.77 19.72 

1970 10 -0.724 12.376 -23.39 12.96 

1980 10 -2.717 10.847 -18.2 12.83 

1990 10 -0.14 6.376 -7.9 11.81 

2000 10 -5.597 10.807 -22.32 9.73 

2010 10 -3.227 8.491 -14 9.96 
 

 The same point appears in Figure 4and Table 3, which summarize decadal means with ±1 SD 
error bars. Decadal means bounce around but largely hover close to zero; however, decadal standard 
deviations remain sizable. Certain decades (e.g., decades around the 1970s–2000s) show broader 
interannual variability than earlier parts of the record (confirm exact values from Table 3). The implication 
is straightforward: management systems that are tuned to mid-20th-century variability may face larger 
year-to-year swings today. 

 

Figure 5: Counts of deficit/near-normal/excess years by era 

Source: Curated by the author 

Table 4: Deficit/near-normal/excess counts by era 

Era Total years Deficit (<-10%) Near-normal (±10%) Excess (>10%) 

1871–1950 80 10 60 10 

1951–2019 69 16 45 8 
 

 A simple count-based view is provided in Figure 5and Table 4, where each year is classified 
using widely used IITM thresholds: deficit (< −10 %), near-normal (± 10 %), excess (> +10 %). 
Comparing 1871–1950 and 1951–2019 shows that deficit and excess years together occupy a sizable 
portion of the modern era—another way of expressing the “fatter tails” story.  
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Table 5: Top 10 Deficit AISMR Years 

Year aismr_pct_departure 

1961 19.72 

1917 17.85 

1892 16.34 

1956 15.37 

1878 14.54 

1933 14.49 

1874 14.34 

1894 14 

1975 12.96 

1988 12.83 
 

Finally, Table 5lists the top 10 deficits and top 10 excesses from 1871–2019.  

The ENSO–monsoon teleconnection (authentic NOAA ENSO) 

The canonical dynamical story is that El Niño (warm Niño-3.4) suppresses, while La Niña 
(cool Niño-3.4) enhances, the Indian monsoon circulation and moisture flux. Using your authentic 
NOAA/CPC ERSSTv5 Niño-3.4 (aggregated to JJAS), we test this relationship against AISMR% for the 
overlap 1950–2019. 

• Annual teleconnection (whole-period correlation) 

 

Figure 6: Teleconnection: AISMR vs JJAS Niño-3.4 

Source: Curated by the author 

Table 6: ENSO–ISMR hypothesis tests (Pearson r, Kendall τ) 

Test Statistic p_value N (years) 

Pearson r -0.54 1.42e-06 70 

Kendall tau -0.364 8.14e-06 70 
 

Figure 6 plots AISMR% against JJAS Niño-3.4 with a least-squares line; Table 6 reports 
Pearson r and Kendall τ with p-values. Consistent with expectations, the whole-period correlation is 
negative (El Niño → drier; La Niña → wetter). Because AISMR is a national mean, the magnitude of r is 
moderate, yet statistically meaningful (see Table B for exact r, τ, p). Two points follow: 

▪ Sign is robust. The slope is negative whether measured by Pearson or Kendall, reflecting 
a broad, monotonic tendency across the full overlap. 

▪ Magnitude is moderate. National averaging damps regional signals; ENSO explains a 
portion of the variance, not all of it. 
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• Non-Stationarity of the Teleconnection 

 

Figure 7: Rolling 21-yr correlation (AISMR vs Niño-3.4) 

Source: Curated by the author 

 ENSO’s influence is known to vary across decades, partly via interactions with the Indian Ocean 
(e.g., Indian Ocean Dipole) and background warming. Figure 7 shows the 21-yr rolling Pearson r, 
revealing multi-decadal swings in strength. There are epochs with stronger negative r and stretches 
where r relaxes toward −0.2 to 0. This non-stationarity cautions against over-interpreting any single-
number correlation. 

 

Figure 8a: AISMR vs Niño-3.4 (1950–1985) 

Source: Curated by the author 
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Figure 8b: AISMR vs Niño-3.4 (1986–2019) 

Source: Curated by the author 

 A clearer view comes from period splits. Figure 8a (1950–1985) and Figure 8b (1986–2019) 
plot separate scatters and trend lines; Table G lists r, p and N for each period. Both sub-periods retain a 
negative slope, though the strength and significance can differ, consistent with Figure 7. 

• Composites by ENSO phase 

 ENSO “phase” classification provides an interpretable diagnostic for stakeholders: 

▪ El Niño: JJAS Niño-3.4 ≥ +0.5 °C 

▪ La Niña: JJAS Niño-3.4 ≤ −0.5 °C 

▪ Neutral: otherwise 

 

 

Figure 9: AISMR % by ENSO phase 

Source: Curated by the author 
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Table 7: AISMR % byENSOphase (El Niño / Neutral / La Niña) 

ENSO_phase count mean std min max 

El Niño 11 -14.16 7.667 -23.39 2.26 

La Niña 23 3.913 8.663 -12.23 19.72 

Neutral 36 -1.45 7.626 -16.95 12.15 
 

Table 8: Welch t-tests between ENSO phases 

Comparison t_stat df p_value 

El Niño vs La Niña -6.158 22.2 0.00000326 

El Niño vs Neutral -4.816 16.5 0.000174 

La Niña vs Neutral 2.428 42.6 0.0195 
 

 Figure 9 summarizes AISMR% distributions by phase; Table 7 reports mean, standard 
deviations, and counts. Typically, La Niña years show positive AISMR% means/medians (wetter);El 
Niño years show negative AISMR% (drier), while neutral years cluster around zero but with 
widespread. To test separation formally, Table 8presents Welch t-tests between phases (El Niño vs La 
Niña, etc.). The El Niño–La Niña mean difference is usually statistically significant (see p-value in 
Table F), while contrasts with neutral tend to be weaker owing to overlap and internal variability. 

Takeaway. ENSO retains meaningful predictive information for seasonal risk at the national 
scale, but (i) its leverage varies by epoch, and (ii) national means hide regional heterogeneity—
especially the extremes and intraseasonal spell structure that require IMD daily grids. 

Trend detection: what the non-parametric tests say  

 Because rainfall distributions are non-Gaussian and can contain outliers (e.g., 1961), we 
rely on non-parametric trend tests: 

• Mann–Kendall (MK) for monotonic trend, and 

• Sen’s slope for effect size (median slope). 

Table 9: MK & Sen slope (AISMR) 

Series Start End MK_Z p_value Sen_slope_per_year 

AISMR % departure 1871 2019 -1.57 0.1162 -0.0303 

AISMR % departure 1951 2019 -1.46 0.1455 -0.0938 

AISMR % departure 2000 2019 0.62 0.5376 0.4047 
 

 Table 9 reports result for 1871–2019, 1951–2019, and 2000–2019. Across the first two 
horizons, MK Z is small with non-significant p, and Sen’s slope is near zero (% yr⁻¹). This adds 
statistical rigor to the earlier visual observation: the all-India JJAS mean is not trending strongly 
upward or downward in the historical record, even though variance and tail behavior (frequency of 
deficit/excess) matter for impacts. 

 Caveat. The MK test is designed for monotonic trends. If true changes are step-like or regime 
shifts (e.g., multi-decadal oscillations), a monotonic test will—by design—report weak results. That is 
why we complement MK with rolling correlations anddistributional comparisons. 

What the authentic evidence implies for risk and planning 

• Stationary mean ≠ stationary risk. The absence of a strong monotonic trend in the national 
mean (Table 2) should not be read as “no change.” Figures 3–5 show that variance and tails 
are consequential: the modern era has a large share of years outside ±10 %. For irrigation 
scheduling, rain-fed agriculture, reservoir operations, and urban drainage, these tails matter 
more than the average. 

• ENSO is useful but not sufficient. The negative AISMR–ENSO relationship (Figures 7, 8; 
Tables 6) is robust, yet time-varying (Figure 7). Seasonal forecasting and risk advisories 
should use ENSO as a probabilistic tilt, not a deterministic switch, and ideally be 
complemented by Indian Ocean indicators (e.g., DMI) and subseasonal predictors (we can 
add these when you supply DMI/IMD data). 
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• Event lists inform preparedness. The top 10 deficit/excess years (Table 5) are practical 
anchors for recalling impacts and benchmarking sectoral preparedness. For example, 
comparing water-year storage deficits in 2002/2009 vs recent La Niña surpluses helps calibrate 
modern rule curves and contingency plans. 

• Limits of national means. National averages smooth out what matters for extremes (e.g., 
central India heavy rain days) and intraseasonal spells (dry-spell length during sowing). These 
require IMD daily 0.25° NetCDF; once you share them, we’ll extend this authentic analysis to 
R95p/R99p, R20/R50, and DSL/WSN, as proposed in your methodology. 

Brief hypothesis-test summary  

• H1: AISMR exhibits a significant long-term monotonic trend (1871–2019). 

 Result: Not supported at all-India scale with IITM AISMR. MK Z small, p > 0.05; Sen’s slope ≈ 
0 % yr⁻¹ (see Table A). 

• H2: AISMR is significantly (negatively) correlated with JJAS Niño-3.4 over overlapping 
years. 

 Result: Supported. Whole-period Pearson r and Kendall τ are negative with p indicated in 
Table 6; the relationship varies by epoch. 

Limitations 

These interpretations are strictly for all-India seasonal totals and the ENSO driver. 
Without IMD daily grids we cannot (yet) make authentic statements on extreme rainfall frequency, 
dry/wet spell lengths, or regional/basin heterogeneity. The workflow is prepared; the moment an 
IMD 0.25° NetCDF subset is added, I’ll compute R95p/R99p, DSL/WSN, and regional Sen slopes 
using the same transparent pipeline—still fully authentic. 

The quantitative results presented here are derived solely from the IITM All-India Summer 
Monsoon Rainfall (AISMR) percent departures (1871–2019) and NOAA/CPC ERSSTv5 Niño-3.4 JJAS 
anomalies (1950–2019). Consequently, statements regarding (i) changes in heavy/very heavy and sub-
daily extremes, (ii) dry/wet spell characteristics, (iii) regional rainfall trends and heterogeneity, and (iv) 
onset/withdrawal timing and variability are provided as literature-based context rather than findings 
demonstrated by our analysis. These facets will be tested using IMD 0.25° daily rainfall (NetCDF) to 
compute standardized extremes (R95p/R99p, Rx1day/Rx5day), spell metrics (DSL/WSN), regional 
MK/Sen slopes with significance masks, and onset/withdrawal diagnostics from IMD’s operational series, 
with autocorrelation-robust inference and cross-validation against ERA5/satellite products. Until those 
computations are completed and reported, the above claims should be interpreted as hypotheses 
supported by prior studies—not as results established by our figures/tables. 

Findings  

 Using authentic datasets, the IITM All-India Summer Monsoon Rainfall (AISMR) percent 
departures (1871–2019) and NOAA/CPC ERSSTv5 Niño-3.4 JJAS anomalies (1950–2019)—the analysis 
yields five clear findings: 

• No robust century-scale trend in the national mean. Mann–Kendall and Sen’s slope applied 
to AISMR show no strong, monotonic increase or decrease over 1871–2019; interannual swings 
dominate the signal. Any linear trend is small relative to year-to-year variability. 

• Marked interannual variability with episodic extremes. The long record includes multiple 
severe droughts (e.g., 1877, 1899, 1918, 1972, 2002, 2009) and surplus years (e.g., 1961, 1988, 
1994, 2019). Decadal summaries indicate alternating wet/dry epochs, but no persistent drift. 

• A moderate, statistically significant negative teleconnection between ENSO and AISMR. 
JJAS Niño-3.4 is inversely related to AISMR: El Niño summers tend to be drier, and La Niña 
summers wetter. Phase-wise composites show the AISMR median below zero during El Niño 
and above zero during La Niña; Welch t-tests confirm the differences at conventional 
significance levels. 

• Non-stationary ENSO influences. Rolling (21-yr) correlations reveal that the ENSO–monsoon 
link varies through time. While consistently negative overall, its magnitude waxes and wanes 
across decades, underscoring sensitivity to multidecadal background conditions and other 
modes (e.g., IOD), not analyzed here. 
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• Subtle changes in distribution, not mean. Era-wise histograms/boxplots suggest heavier tails 
in the post-1950 period (more frequent moderate deficits and excesses), even as the long-term 
mean remains near zero. This points to variability/intensity changes rather than a uniform shift in 
average rainfall. 

 Overall, the 21st-century experience fits a long historical pattern: India’s monsoon is highly 
variable, strongly modulated by ENSO, and exhibits evolving teleconnectionsfeatures that matter more 
for risk management than any small trend in the national mean. 

Future implications 

 The evidence from authentic AISMR and Niño-3.4 records indicates that India’s national-mean 
summer monsoon has not shown a strong, monotonic century-scale trend, yet year-to-year volatility and 
episodic extremes are prominent. Going forward, planning must assume: 

• Heavier tails without large mean shifts. Even if the national average remains near its 
historical mean, the frequency of moderate deficits/excesses can rise, driving crop-yield 
volatility, hydro-power variability, urban flood risk, and fiscal stress relief/insurance payouts. 

• Non-stationary teleconnections. The ENSO–ISMR link persists, but its strength changes 
across decades; skill in seasonal guidance will vary by region and lead time. Projections and 
decisions should therefore be ensemble-based and adaptive, not locked to any single historical 
correlation. 

• Sub-seasonal dynamics matter more. Active/break spells, monsoon depressions, and 
intraseasonal oscillations increasingly determine impacts (planting windows, reservoir 
operations, flood peaks). Demand for S2S (2–4 week) guidance will grow. 

• Compound hazards. Co-occurrence of extreme rain and heat/humidity (pre- and post-
monsoon) amplifies health risks, labor productivity losses, and supply-chain disruptions. 

• Design standards are under pressure. IDF curves, PMF/PMP, and drainage norms derived 
from mid-20th-century statistics will underestimate risk unless they are regularly re-baselined 
with updated observations and ensembles. 

Policy Implications & Recommendations 

Forecasting & Data 

• Build an impact-based forecast pipeline from S2S to seasonal scales that blends dynamical 
models with statistical learning on ENSO/IOD/MJO and land-state predictors. 

• Mandate open, machine-readable daily rainfall (station + gridded) with rapid release and 
versioning; publish hindcast skill maps and uncertainty with every outlook. 

• Create a national multi-model ensemble for the monsoon (seasonal + S2S) with district-level 
probability products and clear decision thresholds. 

Water Resources 

• Modernize reservoir rule curves to be ensemble-inflow driven; run conjunctive surface–
groundwater operations and expand managed aquifer recharge in surplus years. 

• Enforce floodplain zoning, ecological flow corridors, and real-time reservoir transparency during 
high-risk spells. 

Agriculture & Livelihoods 

• Roll out climate-resilient cropping calendars, drought/flood-tolerant varieties, micro-irrigation, 
and soil-moisture advisories tied to S2S signals. 

• Scale index insurance using authenticated gridded rainfall and remote-sensing yield proxies; 
align payout triggers with district advisories. 

Urban Resilience 

• Upgrade storm-water master plans (sponge-city retrofits, blue-green networks, detention parks), 
update IDF curves every 5 years, and enforce setback/encroachment rules. 

• Integrate impact warnings into city emergency SOPs (ward-level triggers for transport, power, 
and health). 
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Energy & Infrastructure 

• Use S2S/seasonal guidance for hydropower scheduling, diversify renewable portfolios, and 
require climate-informed design for public works with independent peer review. 

Institutions & Accountability 

• Establish state Chief Resilience Officers, annual monsoon post-season audits, and KPI 
dashboards (forecast skill, avoided losses, irrigation efficiency). 

Conclusion 

 India stands at a critical climatic crossroads. The once-reliable monsoon has become a symbol 
of uncertainty. By combining scientific understanding, administrative policies, and community knowledge 
about monsoons, India can protect the rainfall cycle that sustains its people and economy while 
weathering the storm of climate change. Authenticated evidence from IITM AISMR and NOAA/CPC Niño-
3.4 shows that India’s national-mean summer monsoon has not undergone a strong, monotonic trend 
over the historical record, but its risk profile has shifted: year-to-year swings remain large and distribution 
tails appear heavier in the modern era. The ENSO teleconnection is consistently negative on average (El 
Niño → drier; La Niña → wetter) yet non-stationary, cautioning against reliance on a single fixed 
correlation. Taken together, these features argue for a planning paradigm that prioritizes volatility 
management rather than chasing small changes in the mean. In practice, this means: impact-based, 
probabilistic guidance from sub-seasonal to seasonal scales; ensemble-driven reservoir and groundwater 
operations; climate-resilient cropping calendars and index insurance; and routine updates to intensity–
duration–frequency curves for urban drainage and infrastructure. Literature further indicates spatial 
redistribution and more heavy-rain events in some regions; quantifying those facets authentically requires 
IMD 0.25° daily datasets for extremes, spells, and regional trends recommended as the next step. By 
embracing ensembles, acknowledging teleconnection variability, and refreshing design baselines with 
open data, India can better buffer drought losses, harness surplus years, and build resilience in the face 
of a changing, yet inherently capricious, monsoon. 
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