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Abstract

Cloudbursts—intense, short-duration downpours over small areas—are increasingly implicated
in flash floods and landslide disasters across steep terrains, notably the Himalaya. This paper synthesizes
physical mechanisms (thermodynamic moisture scaling, mesoscale dynamics, and orographic forcing),
recent detection/attribution evidence, and South Asia case studies to assess whether and how climate
change is intensifying extreme sub-daily precipitation and flood risk. We also outline data and policy
priorities: densified observations, convective-scale modelling, impact-based warnings, land-use
regulation, and nature-based solutions. Findings align with IPCC ARG6 conclusions that heavy
precipitation is increasing with warming; regional attribution studies further link recent catastrophic
floods in Pakistan and the western Himalaya to anthropogenic climate change.

1. Introduction

Cloudbursts are operationally defined in India as intense rainfall >100 mm h™' over a compact area
(~20-30 km?), typically during the monsoon and often in orographic belts[3].. Such bursts can rapidly
translate into debris flows and flash floods that overwhelm drainage and erode steep hillslopes[1],[2]..

The IPCC Sixth Assessment Report (AR6) concludes with high confidence that heavy precipitation has
increased with warming and will continue to intensify as temperatures rise—raising the likelihood and
severity of flood hazards when exposure and vulnerability are high.
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2. Physical Basis
2.1 Thermodynamics (Clausius—Clapeyron scaling)

Warming air can hold ~6-7% more water vapor per °C, a first-order driver of heavier rain extremes
when moisture is abundant. Sub-daily convective extremes can scale at or above this rate (“super-CC”),
although regional dynamics and storm organization modulate realized changes[4],[5],[6]..

2.2 Dynamics and Orography

In steep topography, low-level moisture fluxes from the Arabian Sea and Bay of Bengal are lifted,
triggering deep convection and “training” echoes that focus rainfall over small catchments. High-
resolution studies show thermodynamic increases amplified or damped by dynamic changes (vertical
velocities, storm efficiency, organization) [6].

2.3 Definition and Detection Challenges

Because cloudbursts are highly localized and short-lived, they are often sub-grid for gauges and coarse
models, complicating statistics and trend detection. IMD and peer-reviewed work emphasize the need
for dense automatic rain-gauge networks, Doppler radar, and nowcasting to capture these events[11].

3. Observed Changes and Attribution
3.1 Global/Regional Context

ARG6 documents observed increases in heavy precipitation over many regions, attributable in part to
human influence, with projected further increases as warming continues[7] [9],[10]..

3.2 South Asia Case Studies

o Pakistan 2022 monsoon floods: Rapid attribution finds climate change likely increased the
intensity of monsoon rainfall that drove nationwide flooding; with high exposure, this translated
into catastrophic impacts. Pakistan 2025 northern floods: Preliminary WWA analysis suggests
climate change intensified heavy monsoon rainfall in "~ Punjab/Khyber Pakhtunkhwa,
compounding vulnerability—consistent with AR6 expectations

o Western Himalaya 2023 extreme rainfall (Himachal Pradesh): Peer-reviewed analyses
document multi-day extremes and widespread flooding, underscoring compound hazards
(landslides, debris flows) in steep terrain[13].

3.3 Ongoing 2025 Himalayan events (monitoring context)

Recent Himalayan flash floods and cloudburst-linked debris flows (e.g., Uttarkashi/Dharali,
Aug 2025) illustrate how modest-area, short-duration intensities translate into destructive floods; early
surveys indicate cloudburst-induced debris flow rather than glacial-lake failure. While formal attribution
is pending, the event characteristics align with a warming-intensified heavy-rain risk profile[1],[2],[12]..

4. From Cloudbursts to Floods: Impact Pathways

Flash-flood severity reflects not just rain intensity but also antecedent soil moisture, snowmelt
contribution, channel blockages (debris/moraine), urbanization, and land-use change. The Dharali 2025
survey points to debris-jam breach during heavy rain (~100 mm) and snowmelt—typical of compound
triggers in steep catchments[11],[12].
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5. Methods for Study and Early Warning
5.1 Observations & Networks

Improving sub-hourly gauge density, dual-polarization Doppler radar coverage, and integrated
hydrometeorological networks is essential to detect cloudburst rates and feed warnings. IMD’s
modernization agenda (“Vision 2047”") highlights such upgrades.

5.2 Modeling

High-resolution convection-permitting models (<3 km) and ensemble nowcasting improve
representation of localized extremes and debris-flow triggers; studies over the NW Himalaya show
added value though biases remain[1],[2],[12]..

5.3 Operational Protocols

Adoption of impact-based forecasting and standardized SOPs for heavy-rain alerts, plus consistent
cloudburst criteria (=100 mm h™* over ~20-30 km?), can enhance actionable risk communication.

6. Adaptation and Risk Reduction Priorities

1. Hazard mapping & zoning: Delineate cloudburst- and debris-flow-prone micro-catchments;
restrict construction in floodways and on unstable slopes.

2. Nature-based measures: Reforestation, check-dams, debris basins, permeable surfaces to
attenuate peaks.

3. Early warning & last-mile delivery: Nowcasting, automatic sirens, redundant comms; pre-
identified shelters and drills.

4. Urban stormwater upgrades: Design for sub-hourly extremes and blockage failure modes;
preserve blue-green networks.

5. Data transparency: Public access to sub-hourly rain, river stage, and landslide sensors for

research and community apps.
These align with AR6 risk management guidance and national hydromet modernization
documents.

7. Conclusions

Thermodynamic inevitabilities (moister air with warming) and favorable mesoscale dynamics mean sub-
daily, high-intensity rainfall is expected to intensify in many regions, including monsoon-influenced
mountains. Observations and attribution for South Asia already show heavier monsoon rains
contributing to destructive floods, with cloudbursts a prominent mechanism in steep terrains. Reducing
disaster risk demands a dual strategy: (i) rapid local investments in observation, modeling, and impact-
based warning; and (ii) structural risk governance—Iland-use, infrastructure standards, and nature-based
buffers—commensurate with emerging extremes.
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